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Introduction 

This paper reports investigations on reactions in 
the gas-phase systems H + CH 4 and H + C 2 H 6 , in 
which high-energy tritium recoiling from nuclear 
reaction is the source of hydrogen. 2 * 8 The nuclear 
reactions Li 6 (n,a)H 3 and He 3 (n,p)H 3 served to 
provide 2.7 and 0.18 Mev. tritons, respectively. 
As in our earlier studies of recoil tritium "labeling" 
reactions, 4 ~« mixtures of the tritium source and the 
chemical reactant (CH< or C 2 Hq in this case) were 
neutron irradiated and then analyzed by separat- 
ing and counting the various tritiated species 
produced. 

The reacting systems H -f- CH 4 and H + C 2 H 6 
have previously been extensively studied. 7 Gorin, 
Kauzmann, Walter and Eyring 8 have constructed 
energy surfaces for possible reactions of H + CH 4 
using Eyring's semi-empirical method. Many ex- 
perimental data on the reactions of thermal hy- 
drogen atoms also has been obtained and indicates 
that in this energy range the hydrogen reacts by 
abstraction H + RH R + H*. & Our work ex- 
tends these studies to higher energies where new 
reactions are observed to appear. 

The systems described here are perhaps the 
simplest of the many "hot atom" reactions, induced 
as a result of nuclear transformation, that have been 
studied. On the basis of the hypotheses suggested 
by the large (but incompletely understood) body 
of work on hot atom reactions in more complex 
systems, our results appear anomalous and, if 

(1) Article No. IV in the series "Studies of the Recoil Tritium- 
labeling Reaction." This work was supported by the U. S. Atomic 
Energy Commission under contract No. AT(30-1)-1957, Reaulta on 
similar systems communicated earlier (see ref. 2) were obtained at 
Brookhaven National Laboratory. 

(2) M. Amr El-Sayed and R. Wolfgang, /. Am. Chem. Soc, 79, 3288 
(1957). 

(3) A. Gordus, M. Sauer and J. Willard, ibid., 79, 3284 (1957). 

(4) P. S. Rowland, C. N. Turton and R, Wolfgang, ibid., 78, 2354 
(1956). 

(5) R. Wolfgang, J. Kigner and F. S. Rowland, This Journal, (SO, 
1137 (1956). 

(6) F. S. Rowland and R. Wolfgang, NucUonia, 14, no. 8, 58 (1956). 

(7) E. W. R. Steacie, "Atomic and Free Radical Reaotion," 2nd ed., 
Heinhold Publ. Corp., New York, N. Y., 1954, pp. 449 ctteq. 

(8) Gorin, Kauzmann, Walter and H. Eyring, /. Chtm. Phy 9., 7, 633 
(1939). 

(9) M. R. Berlie and D. J. Le Roy, Can. J. Chem., 32, 660 (1954); 
Disc Faraday Soc, 14, 50 (1953). 



valid, suggest a re-evaluation of some of the con- 
cepts in this field. 

The theories of hot atom chemistry suggest 10 
that reaction proceeds in two steps. First, the 
hot atom produces radicals by collision, and then, 
presumably after deactivation by further collisions,' 
it combines with one of these radicals. So that this 
reaction may proceed efficiently, it is necessary to 
provide a "cage" of surrounding molecules to keep 
the hot atom and the radicals it has produced to- 
gether until they combine. Since such a cage 
cannot exist in the gas phase, what are normally 
considered to be hot atom reactions should occur 
efficiently only in condensed media. However, 
Willard and co-investigators 11 have shown that re- 
actions such as that of recoil iodine with methane to 
form methyl iodide do occur with high yield in the 
gas phase. In most of these cases, however, evi- 
dence is cited which may make it plausible that 
the reaction is not due to a hot atom but rather to an 
ion. Hamill and Williams 12 have observed earlier 
that recoil Br 30 forms HBr with gaseous ethyl 
bromide and have shown that this is consistent with 
a hot atom mechanism. Here again, however, more 
recent suggestions hold that a Br ion rather than 
atom may be the reacting species (see Appendix). 

In the case of recoil tritium^ however, there should 
be, as mentioned in an earlier paper 4 little doubt 
that the species reacting to give labeled molecules 
is a hot atom and not an ion. (Willard in present- 
ing some parallel results has favored an alternative 
view. 8 * 11 The rather fundamental problem of 
whether T + or T° is involved is discussed, from the 
point of view of the slowing of fast particles, in the 
Appendix.) Our preliminary finding that recoil 
tritium reacts in the gas phase, before reaching 
thermal energies, therefore led us to propose 2 that 
the primary chemical interaction of the hot trit- 
ium atom must be by an efficient one-step hot atom 
displacement reaction. This paper presents ex- 

(10) Reviews of hot atom chemistry are given by J. Willard, Ann. 
Rev. Nuc. Sci., 3, 103 (1953); Ann. Rev. Phy. Chem., 6, 141 (1955). 
For more reoent references, see the other papers in this symposium. 

(11) J. E, Willard, et at., Chtm. Phya., 20, 1656 (1952); 25, 804 
(1950); J. Am. Chtm. Soc. 73, 0100 (1953); 79, 4609 (1957). 

(12) R. R. WUliama and W. H. Hamill, /. Chtm. Phy*., 18, 783 
(1950). 
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penmental evidence supporting the detailed mech- 
anism proposed and discusses some general aspects 
of this view of hot atom reactions. 

Experimental 

Irradiations.— Samples of methane or ethane at 1-70 cm 
pressure were irradiated in 7-11 ml. quartz ampoules. In 
most of the runs 1-3 mm. pressure of He 1 was added to pro- 
vide the recoil tritium and in those rune where Li 8 was the 
tritium source, the walls of the ampoule were coated with a 
film of normal LiN0 8 . The hydrocarbons were purified by 
repeated low temperature distillations and fractionations. 
Any tritium contamination in He' was removed by passage 
over hot copper oxide. A small amount of solid iodine was 
added to some of the tubes to provide a low pressure of I a 
vapor as a radical scavenger. A measured excess of He* (to 
serve as moderator) was present in some experiments. 

Most irradiations were carried out for periods of 1-20 
nun. at a flux of 6 X 10 IS n./cm* sec. in the Brookhaven 
factor. The effective temperature for these runs was 40- 
60 . Other runs, lasting 1-4 days, were made at a flux of 2 X 
10» n./cm. 1 sec. in the "tunnel" under the reactor. In the 
mgh temperature runs the samples were heated by a stand- 
ard infrared heating lamp. 

Separation and Counting.— After irradiation the sample 
tubes were opened and components separated. In some 
cases carriers (hydrogen, ethane, propane, etc.) were added 
and the mixture separated by low temperature distillation. 
The various fractions obtained were counted in a mlver- 
walled glass proportional counter. This technique has 
been described earlier. 5 

In other runs, separation was made by gas chromatog- 
raphy. The apparatus used has been described in detail 
in a separate publication. 1 ' An aliquot of the samplo was 
injected into a Btream of He passing through the chromato- 
grapn column. After separation, the gas stream passed 
through a thermal conductivity cell which detected and 
recorded any macroscopic amounts of material. The He 
was then converted into a counter gas by continuous injec- 
tion of methane and flowed through an internal flow pro- 
portional counter of special design. The radioactivity de- 
tected was fed into an integrating scale and a recording 
StwS?^' ^ silica-gel column was used to separate 
HT, CHjT and CaH/T, and silicone on fire brick was used 

(13) R. Wolfgang and F. B. Rowland. Anal. Chem., 80, 90S {1958). 



to separate the higher hydrocarbons and the iodides from 
each other and from the hydrogen and methane. The 
Soo u x mn l>^ e ^ °P erat ed at a constant temperature (usually 
22 ). Relative retention volumes of the various fractions 
were measured by injections of small amounts of the un- 
labeled gases mixed with n-butane as an internal standard. 

figure 1 shows the first part of an analysis on a silicone 
column of recoil-T irradiated ethane. The trace at the top 
shows the response of the thermal conductivity cell and the 
synchronized trace of the bottom that of the count-rate 
meter. The expected positions of the various fractions 
and the integrated counts at certain times are marked. 

In this particular run, measurable masses of butane pro- 
duced by radiation decomposition of the ethane were ob- 
served. They amount to 1-2% of the original ethane. 
I his represents the upper limit for radiation damage ob- 
served m these experiments. In most runs this decomposi- 
tion was well under 1%. 

In some runs the sum of the activities in each peak was 
compared to the total gaseous activity obtained by passing 
a portion of the sample through the counter without separa- 
tion. This showed that substantially all of the gaseouB 
yield was detected. From the decreasing activity in suc- 
cessively larger hydrocarbons it is believed that, with the 
.exception of TI, no significant amount of non-gaseous ac- 
tivity was produced. 

Since the amount of gas in the ampules was, in general, 
small compared to the range of the recoil tritium, a major 
and indeterminate fraction of the activity did not react in 
the gas phase but recoiled into the walls. By heating used 
empty ampules it was found that some of the tritium would 
diffuse back out of the walls at higher temperature to ap- 

BP* iV* 1 * ga ! P^ aBe M HT • (E^ 11 in th ^ presence of CH 4 
this diffusion tritium appears only in the form of molecular 
Hydrogen.) This nuisance effect was most apparent in the 
eOTeriments on the effect of heat on the hot-atom reaction. 
As will be discussed below, suitable correction was made in 
Una case by reference to control runs at lower temperature 
Experience on varying the time delay between irradiation 
and analyse indicates that the diffusion effect is negligible 
at about 25°, the temperature at which the low flux Tuns 
were made. However it appears that at ~60°, the tem- 
perature of most of the irradiations, the contribution to the 
total activity of diffusion HT is not quite negligible. Thus 
the two 60-minute runs yielded about 3-5% more HT than 
the average of the many runs made for 20 minutes or less. 
■UinuBion HT also appears to be a significant spurious 
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Run and Source 
method 0 of T 



D2 

D10 

D7 

D9 

C12 

C16 

C9 

C22 



Li*NO, 

He* 

He* 

He* 

He* 

He* 

He* 

He* 



Flux, 
n./cm. 1 
aeo. 

~5 X 10i* 
—5 X 10" 
~5 X 10" 
~5 X 10" 
~4 X 10 1 * 
~4 X 10" 
~4 X 10 1 * 
~5 X 10" 



Table I 

Reaction or Recoil T with CH 4 (I, Absent) 

% of o bad. activity in 



Time of 
irrad., 
min. 

10 
10 
10 

10 
60 
20 
20 
20 



Pres- 
sure, 
cm, 

7 
11 
44 

44 
20 
25 
30 
48 



D46 He* ~2 X 10 9 48 hr. 15 

D42 He* ~2 X 10* 96 hr. 38 

D47 He* ~2 X 10 fl 48 hr. 15 

Av. at flux ~5 X 10" n./cm.* eec. (~50°) 
Av. at flux ~2 X 10' n./cm.* sec. (~30°) 
° Prefix O indicates analysis by chromatography. ~ " 
per cent, of HT from diffusion out of quartz walls. 

source of activity in He 4 moderated runs at 60-60 a . Be- 
^IS? °m' he low 8t °PPing power of He 4 only a email fraction 
SU 1 ™ T 18 st 0PPed in the gas phase, and consequently the 
diffusion may be relatively more important. Present 
studies on He 4 moderation are thus being made at low tem- 
peratures. 

# The best measure of the over-all accuracy of the results 
is given by their reproducibility and consistency. This is 
very satisfactory, especially for methane, where entirely 
different techniques in both irradiation and analysis gave 
essentially identical results. 

Results 

Tables I and IV show the products produced by 
the interaction of recoil T with pure methane. It 
is observed that about half of the tritium has reacted 
to form labeled hydrocarbons, chiefly CH 3 T, under 
quite a wide variety of experimental conditions. 
The source of the tritium whether from Li fl coating 
the wails, or from homogeneously distributed He* 
appears to have no effect. The activity distribu- 
tion is also independent of the pressure of methane. 

Table II 

Effect of Heat during Irradiation at Low Flux 

Run fD47 (~200 6 ) 

% of 



Ht 

49.0 

49.6 

61.8 

51.9 

55.3* 

48.6 

52.6 

46.5 

61.0 
62.8 
61.2 
50.0 
61.7 





CiHa 


CiH» 


CiHio 


Higher 
hydro- 
carbons 


30.5 


11.2 




9.3 




31.5 


Q ft 




9.7 




31.3 


6.4 




10.5 




30.3 


6.4 




11.4 




29.4 


6.7 


3.6 


2.3 


3.6 


32.7 


9.2 


4.2 


2.8 


2.3 


31.1 


4.5 


7.7 


4.3 




35.4 


7.5 


3.7 


2.8 


4.1 


30.6 
27.6 
31.2 
31.8 
29.8 


2.5 
3.3 
2.1 
7.7 
2.6 




5.9 
6.3 
5.5 
10.4 
6.4 





Not included in average. 



6 Probably includes several 



Fraotioa 

H, 

CH, 

CH, 

C»Ht, C«Hio 



Hun JD48 (~22°> 
Total 
activity 
In frac- 
tion 
(o.p.m.) 

X io-» 



3.86 
1.94 
0.16 
0.38 



%ot 
total 
gaseous 
activity 

61.0 

30.6 
2.5 
5.9 



Total 
activity 
in frac- 
tion 
(o.p.m.) 
X 10 -« 

6.16 

1.97 

0.13 

0.35 



%of 
total 
gaseous 
aotivity 

71.5 
22.9 
1.5 
4.1 



total 
gaseous 
activity 
cor. for 
HT from 
walla 

61.2 

. 31.2 
2.1 
5.5 



A drastic lowering of the neutron flux and hence 
of the radiation density does, however, seem to have 
a measurable effect. If the labeled hydrocarbons 
had been formed by reaction of thermal T with 
radiation produced radicals a sharp drop in their 
yields would have been expected. A drop in the 
yields of CjH 6 T and higher tritiated species with a 
corresponding rise of HT is indeed observed but the 
yield of CHjT seems little affected. 

The effect of temperature change under low flux 
conditions has been studied. As shown in Table 
II, a considerable increase in the amount of HT was 
observed when a tube being irradiated at 2 X 10° 



n./cm. * sec. was heated to ~200°. This excess HT 
is, however, due to a temperature dependent dif- 
fusion of T from the quartz walls, as discussed in 
the Experimental section. On correcting for the 
diffusion HT by reference to an identical run at 
lower temperature, it is seen (Table II) that the 
distribution of activity at the higher temperature is 
not different outside the limit of experimental error. 
It has unfortunately not been practical to raisp the 
temperature of the runs at 2 X 10 12 n./cm. 2 sec. 
However, preliminary results on high flux runs made 
at approximately -50° do show some temperature 
dependence, at least under high radiation density 
conditions. 

The addition of I 2 (or Br 2 ) as a radical scavenger 
has theprofound effect noted in Table III. The 
production of higher labeled hydrocarbons is 
virtually eliminated and the yield of HT is halved. 
However, the yield of CH a T is reduced only slightly! 
This highly specific effect of I 2 is unaffected by 
variation of pressure and neutron flux. 

It should be noted that the percentage yields in 
the I 3 runs are not based on the total observed 
activity as is the case in the iodine-free runs. In- 
stead, these yields were computed on the basis of 
the total observed activity in identical control runs 
in which no I 2 was present. This was done because 
in the presence of I 2 , labeled iodides, especially TI 
which would not pass our separation system would 
be expected. This appears to be the case since the 
addition of I 2 to a run consistently reduced the 
total observed activity (including CH 2 TI and C 2 - 
H 4 TI) to 60% (Table III) of what it would other- 
wise have been. The deficit in activity is almost 
certainly due to formation of TI. Unfortunately 
we have not observed this species directly, 

It is of interest to compare these results with data 
on similar systems reported by Gordus, Sauer and 
Willard* at the time that preliminary publication 
of our work 2 was made. The distribution of 
activity found by these workers for pure CH< 
irradiated with T from He 8 is in fair agreement with 
our results. But their results on the per cent, of 
total T in each product when I 2 was present during 
irradiation differ sharply from our findings. This 
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Table III 

Reaction of Recoil T with CH« (I, Present, 



Run and 


Source 


Flux 


Time of 


Pres- 


n./era.* 


irrad., 


sure. 


methods 


of T 


eeo. 


mi a. 


cm. 


D44 


He* 


2 X 10* 


96 hr. 


37 


Cll 


He' 


4 X J0>* 


20 


29 


C18 


He» 


4 X 10 l » 


20 


25 


C23 


He« 


6 X 10'* 


20 


48 


C24° 


He' 


4 X 10" 


20 


48 



'30-50°) 

% of total tritium reacting in methane in- 
Hydro- 



H, 
29.7 
27.2 
28.4 
25.4 
30.1 
28.2 



CH< 
26.0 
27.8 
26.6 
26.5 
30.4 
27.5 



C*Hi 
0.1 

.2 
.2 
.0 
.1 
.1 



carbons 
>C.H. 



0.0 
0.4 
0.7 
(1.9) 
0.4 



CHJ 
7.3 
4.9 
4.1 
3.7 
(6.4) 6 
4.3 



CiHiI 
0 

0.1 
0.6 
(0.5)* 
~0 



Total 
detected 

63.1 

60.1 

59.8 

56.8 

69.4* 

60.5 



Av. (excluding C24) _ ftw a w ^ ^ o ^ ^ 

Prefixes G and D denote separation by chromatography and distillation, respectively. » Br, instead of I, used. 

Table IV 

Reaction op Recoil T with C 2 H6(~30°) 

' ' 1 -% of obsd. activity in- 



Run° 
and 
method 


Source 
of T 


Flux, 

sec. 
X 10-*« 


Time 

of 
irrad,, 
. min. 


D12 


He 1 


5 


10 


D13 


He* 


5 


10 


C14 


He« 


4 


60 


C19 


He 8 


4 


20 


C21 


He* 


4 


20 


Av. of above runs 




C20 


He* 


4 


20 


C15 


He» 


4 


60 



Pressure, 
cm. 

CsHj, 61 
C,H,, 65 
C^Hfl, 82 
C,H 8 , 49 
QHe, 17 

/ CH 6| 48 
1 h> 0.2 

\ He«, 56 



Hi 


CH* 


C*H« 


CiHt 


41.7 


5.0 


29.4 


11.0 


38.0 


3.0 


29.0 


11.5 


60. 3* 


3.7 


25.8 


7.3 


44.9 


3.3 


26.2 


8.7 


48.8 


3.9 


25.3 


'7.7 


43.4 


3.8 


27.5 


9.7 


40.0 


3.6 


22.3 


<M).8 


58.8 


2.8 


11.8 


7.8 



C*Hio 



Higher 
hydro- 
carbons 



CHiI CiHiI 



13.4 
18.5 



9.1 
11.5 

8.9 
10.2 



3.9 
5.4 
5.2 
5.1 



^1.3 ~2,5 5.5 — 1.9 



11.1 



7.4 



™? I,efix S?-P ? nd D de ? ote separation by chromatography and distillation, respectively. 
HT from diffusion out of quartz walls. ' F J 



6 Probably includes several % 



apparent difference seems to result from Gordus' 
et aL, normalizing on the basis that the observed 
activities represent 100% yield. If their results are 
normalized on the basis of our finding that only about 
60% of the activity is observed under the given 
circumstances, the agreement with our values be- 
comes satisfactory. 

We have checked the effect of addition of I 2 
after irradiation. The results observed are identical 
to those obtained in the runs where I 2 was absent. 

The above results, which indicated that a one- 
step hot atom displacement mechanism was oper- 
ative, suggested testing this idea by moderating the 

Table V 

Reaction Products of Recoil Tritium with Gaseous 
Aleaxes 

Irradiation at ~5 X 10" n./cm.*-sec, ~ 50°) 

. . Alkane irrad., % 

TrUtated product - 

. Hydrogen 
Methane 
Ethane 
Propane 
Isobutane 
n-Butane 
Neopentane 
Isopentano 
n-Pentane 
2,2-Dimethylbutane 
2(?)-MethyIpentane < 
S^Methylpentane* 
n-Hexane 

1 Identification not confirmed 
age % HT obsem 
average % HT observed). 



Methane & 
50.0 
32.9 
6.4 
4.0 
1. 
1. 
0. 
1. 
0. 
1. 
0. 
0. 
0 



.5 
.1 
.6 
.1 
.4 
.2 
.3 
.3 



Ethane 4 
43.4 
4.2 
29.4 
8.1 
0.6 
9.4 
0.0 
1.8 
0.3 
0.2 
0.3 
1.6 
0.2 



hot atoms with an excess of He 4 . Preliminary 
rather approximate data on runs in which He 4 was' 
present in excess are given in the summary Table 
VI and will be discussed later. 

A series' of experiments similar to those on meth- 
ane, but much less extensive, were carried out on 
ethane. These are summarized in Table V. With 
ethane, CH 3 T becomes a minor and C 2 H 6 T a major 
product. Also there are three products, HT. CH 8 T 
and CsHbT (instead of just HT and CH 8 T as with 
methane) which are unaffected by the presence 
of iodine scavenger. Otherwise the same qualita- 
tive generalizations that can be made for the 
results on methane also appear to be largely true for 
ethane. 

Table VI 

Summary of Some Salient Results in Gaseous Methane 
Systems 



Flux, 
n./cm. 1 
sec. 

X 10 11 

X 10« 

X 101* 

X 10** 



Conditions 

Added material 



% Tritium ia 



0.2 mm. I« 

0.99 mole frac- 
tion He 4 ~5 
mm. Br 2 



HT 
50.0 
61.7 
28.2 



CHiT 
31.8 
29.8 
27.5 



CiH.T 
7.7 
2.6 
0.1 



Higher 
labeled 
hydro- 
carbons 



10 

5 
0 



5 ± 5 ~1 



6 Run C12 (normalized 



to average %_HT observed). "Run C14 T (norma hzed" to 



The detailed distributions of labeled species 
resulting from runs on both labeled methane and 
e ^ane are given in Table IV. There is a pos- 
sibility that some labelled alkenes are formed, but 
being present only in trace amounts these 'may 
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Table VII 

Mechanism op the Reaction of Recoil Tritium with Gaseous Methane 
T denotes high kinetic energy tritium; italics denote end product 
A— Primary processes (hot) H l l) 



T* + CH< ■ 



- CUxT + H 

* HT + etc. 

" CH,T. + etc. 

* CHT- -f- etc. 

* CT- + etc. 

- T- + etc. 



28% 

28% 

4% 

0- 6% 

34-40% 



56% 



44% 



B — Secondary prooessee (thermal) 

1 Abstraction T« + CH 4 — > HT -f CH r 

2 Reaction with radiation produced radicals 



(a) 
(b) 
(c) 

(d) 

(e) 
(f) 
(g) 
(h) 



T- -f- CH.. 

T. + CVHr — 

CH 2 T. + CH,- 
CH 2 T. + C 2 H fi 
CjH 4 T- + etc. 
etc. 



CH,T 
CH t T 
+ C,H 4 T 

cat 

— > CAT 
— >* C&T 



+ H 

4- H 



3 Reaction with radiation produced ions 



100% 

/ 22% at w 
I 34% at nv 



/22%atnv 
\ 10% at nv 



= 5 X 10»(' 
= 2 X 10»(- 



-'SO 0 ) 
'25°) 



■ 5 X 10" (—50°) 

■ 2 X 10° (~25°) 



have been reduced to the corresponding alkanes by 
hydrogen atoms produced during the irradiation. 

Discussion 

The results given in Tables I and III led us to 
postulate a mechanism for the reaction of recoil 
tritium in the gas phase which involves a direct, 
one-step replacement reaction as the primary step. 
Any labeled species formed in this first, hot step can 
then undergo secondary, thermal reactions. For 
CH 4 the detailed mechanism is given in Table VII 
(T* denotes a "hot" atom). 

The secondary (or thermal) processes listed are 
those which the radical products of the primary proc- 
cess would be expected to undergo in irradiated 
methane, Hydrogen abstraction by T is impor- 
tant with combination reactions with radiation- 
produced species competing. The list of possible 
primary processes is quite short for methane, but 
only some of the simpler of the possible secondary 
reactions of thermal tritiated species with radiation 
produced radicals are listed. Secondary reactions 
with radiation produced ions also are possible but 
are not explicitly listed. It is noteworthy that the 
secondary processes given have all been studied in- 
dependently and are all known to occur. 14 (But 
see discussion of reaction 2b below.) 

In the presence of a radical scavenger, such as 
I 2 , the primary reactions will be unaffected. How- 
ever, the thermal T* and CH 2 T- formed in them will 
no longer react by the secondary processes B ( but 
instead will undergo preferential reaction with I 2 
to form CHJ and HI. The disappearance of 
higher labeled hydrocarbons, the diminished 
amount of HT, and the appearance of CH 2 TI, in the 
presence of I 2 , are thus a natural consequence of 
the mechanism. 

The experimental results may now be used to 
try to estimate the percent, of tritium participating 

(14) E. W. R. Steaoie, "Atomic and Free Radical Reactions," 2nd 
ed., Reinhold Publ. Corp., New York, N, Y., 1954, pp. 511. tt ' 9t q, 



in the various reactions of the postulated mecha- 
nism. The resulting values are given in Table VII 
The percentages of CH 3 T, HT and CH 2 T- radicai 
formed by the primary reaction are assumed to be 
equal to the percentages of CH 3 T, HT and CH 2 TI 
found in runs where I 2 was present. A lower limit 
for the amount of thermal T- formed by collision 
(classified for convenience as one of the primary 
reactions) is given by the increase in the yield of 
HT, at low flux, when I 2 is not present. An upper 

^™ or CHT and CT is ^ven by difference. 
(CHTI 2 was not observed as a product However 
the reaction efficiency of CH 2 with CH 4 may be so 
high that at the pressure of I 2 used no CH 2 I 2 would 
be formed.) 

Competition between Secondary Reactions.— 

From these values summarized in Table VII it is 
estimated that 44% of the recoil tritium emerges 
from the primary reaction region as a chemically 
reactive species. Two types of secondary reactions 
are then expected to compete for these species 
(chiefly T-); H abstraction from CH 4 (Bl) and 
combination with radiation-produced species. A 
simple calculation indicates that such a competition 
should actually exist. From the neutron flux a 
very rough estimate of the radiation energy input 
into the system and thus of the approximate rate 
of radical production in the system may be made. 
Using a plausible value 14 for the rate of radical 
recombination, the radical concentration in the 
system may be obtained. From this a very ap- 
proximate rate of combination of the tritiated 
radicals with the radiation-produced radicals is 
calculated. This value is of the same order of 
magnitude as the rate of H abstraction by T- from 
CH<, as calculated from the data of Berlie and Le 
Roy 9 on the reaction H + CH 4 . Unfortunately 
there are insufficient data to permit similar calcula- 
tions on the importance of reaction with radiation- 
produced ions. 
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These expectations of competitive secondary 
reactions are in good qualitative agreement with 
the observed effect of a drastic change of neutron 
flux (Table VI). In Table VII the percentages of 
tritium undergoing thermal H abstraction and 
combination with radiation-produced species have 
been calculated from the increase in the yields of 
HT and labeled hydrocarbons, respectively, when 
I 2 is not present. The ratio of H abstraction to 
reaction with radiation-produced species is seen to 
change from 1:1 at a flux of ~5 X 10 12 n./cm. 2 sec 
to 2:1 at a flux of ~2 X 10° n./cm.*-sec. (This 
ratio should depend on the radical density and 
hence on the square root of the radiation density. 
However, no quantitative correlation is available 
because of the difficulty of estimating radiation 
density, especially in the low flux case where the 
He 3 (n,p)T reaction is no longer the only important 
source of radiation energy.) 

The* fact that only a qualitative correlation is 
observed may indicate the existence of a further 
type of secondary reaction. Thus, while it can be 
calculated using the known rate of hydrogen ab- 
straction from methane 9 that few thermal tritium 
atoms will reach the walls, there is a possibility 
that the surface may have some indirect effects of 
an unknown nature. It should be emphasized that 
the yields given in Table VII only express a rough 
estimate. 

Effect of Moderator.— The mechanism outlined 
above suggested that the importance of the 
primary reaction could be reduced or eliminated if 
the tritons were slowed down before encountering 
CH 4 molecules. Such a moderating effect can be 
produced by the addition of large amounts of He 4 
The elimination of HT and CH 3 T formed by the hot 
mechanism would result and instead the products 
formed would be those from the reaction of thermal 
T-. If, in addition to the large excess of He 4 
moderator, I 2 or Br 2 are present as radical scaven- 
gers, all, or nearly all, of the tritium should undergo 
thermal reaction to form halides, and little or no 
labeled hydrocarbons should be formed. Prelimi- 
nary data (Table VI) show that this is indeed the 
case in runs made at approximately -50° using 
Br 2 as scavenger. This result would appear to 
lend very strong support to the mechanism postu- 
lated. 

Effect of Temperature.— While a change in the 
temperature of the system should not affect the 
primary (hot) reaction of the recoil tritium, some 
-effect on the relative importance of the competing 
secondary reactions would be expected. The H- 
abstraction reaction (Bl, Table VII) has a large 
temperature coefficient 9 while combination with 
radiation-produced radicals 14 and possibly ions 
.should have a very small one. Hence the ratio of 
thermally produced HT to labeled hydrocarbons 
■should increase with increasing temperature (pro- 
viding there is no compensating temperature co- 
■efficient governing the concentration of radiation- 
produced species). The results given in Table II 
which show no such dependence might therefore 
•appear somewhat anomalous if our suggestion as to 
the types of competing secondary reactions is 
■correct. It must be noted, however, that these runs 
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were made at low radiation density, where combi- 
nation with radiation-produced species is relatively 
uncommon. The expected effect, especially on the 
ratio HT/CH 3 T, would therefore besmal] \LSmS 
be within the experimental error. 
j. ^ e P icture ^ regards the secondary reaction as 
studied by variation of the temperature and addi- 
tion of moderator, appears to be complex It 
is receiving further study in an attempt to separate 
the various factors which seem to be involved 

Specific Effects in Secondary Reactions in 
Methane.— It is of interest to consider briefly in 
somewhat more detail the origin of the large num- 
ber of labeled products (Table IV) which have been 
formed by reaction of thermal tritiated radicals 
w ,, ra ^ iatlon P roduce d species in methane. The 
small effect of I 2 on the yield of CH a T at ~50° indi- 
cates that thermal formation of this species is rela- 
tively rare This is in agreement with calculations 
ot Kimball 15 that methane formed by the union of a 
methyl radical and a hydrogen atom (reaction 2b, 
lable VII) has a very short lifetime and usually can 
survive only in the presence of a third body Con- 
sistent with this explanation of the normally low 
yield of thermally produced CH,T are the results 
on a single run on methane in a tube containing a 
large surface area in the form of quartz powder 
In this run the yield of CH 3 T rose to 37%, the 
highest value we have observed. Other workers 14 
have found that when atomic hydrogen reacts with 
methyl radical exchange takes place. This means 
♦ oS ° ur . s y stei ? taction 2a (Table VII) leading 
to CH 2 r* is probably the most common radical 
reaction. ' 

Higher labeled hydrocarbons can be produced by 
the type of radical reaction given in Table VII It 
is also likely 16 - 17 that ions produced by radiation can 
react readily to build up polymeric species which 
then react with the tritiated radicals (reaction 3 
Table VII). The decrease of yield with chain 
length m the higher labeled hydrocarbons (Table 
V) is plausible from almost any point of view In 
the case of methane the distribution of activity 
between iso and normal compounds appears rather 
non-specific as might be expected in building up 
polymers from one-carbon units. 

Reaction of Recoil Tritium with Ethane —Our 
reaction mechanism of hot primary displacement 
reactions followed by certain secondary reactions 
appears to hold as well in the gaseous ethane system 
as it does in methane. A wider range of reactions 
analogous to those given in Table VII for methane 
may be expected for ethane. Three, rather than 
two, stable products, HT, CH 3 T and C 2 H 6 T may 
now be formed by direct hot reaction. As expected 
(see Table IV) these products are found even in the 
presence of I 2 radical scavenger. However L 
still substantially eliminates labeled higher hydro- 
carbons larger than the "parent" molecule and 
reduces the yield of HT. 

The yield of the degradation product CH 3 T is 
much smaller than that of C 2 H 5 T. This is con- 
sistent with earlier work on the reaction of recoil 

(IS) J. Kimball, J. Chem. Ph V a„ 5, 310 (1957). 
(1950) °* °' Schi0aler Bnd D * P " 8t8V ««». CA-m. Phy*., 24, 92 0 
(17) G. Meiaela, W. HamiU and R. Williams, ibid., 25, 700 (1957). 



1362 



Mostafa Amr El-Sayed, Peder J. Emrup and Richard Wolfgang 



tritium in condensed phase 8 - 18 where the yield of 
the labeled "parent" molecule was found always to 
be much higher than that of labeled products 
formed by breaking C-C bonds. 

The yield of thermal C a H 6 T from ethane appears 
to be slightly higher than in the case of CH 3 T from 
methane. This would be plausible since the life- 
tune of C 2 H 6 T formed by the radical combination 
should be longer than that of CH„T. Considering 
for the moment much more complex cases than 
methane and ethane, this type of consideration 
would indicate that in such systems appreciable 
amounts of the labeled form of the parent molecule 
and of the labeled degradation products, may be 
formed by the secondary, thermal type of process 
as well as by primary,*hot displacement reaction. 

Nature of Primary Displacement Reaction.— 
By the use of the mechanism postulated, it has thus 
been possible to correlate and explain in some de- 
tail a number of general as well as specific observed 
effects. . It thus seems likely that a mechanism in- 
volving a high-energy one-step displacement as the 
primary step is a satisfactory and probably unique 
representation of the reaction of high energy hy- 
drogen in the gas phase. We may briefly consider 
the nature of this primary displacement reaction, 

Gorin, et al* have considered and have treated 
the case of an on-center collision between H atom 
and methane. They consider that this reaction will 
go by Walden inversion with an activation energy 
of 37 Kev. However, this is not the only possible 
mode of interaction. In an off-center collision the 
incoming H will essentially collide with a C-H 
bond rather than the central carbon atom. This 
can lead to the replacement of the struck H by the 
incoming one without Walden inversion. No direct 
evidence is presently available regarding which of 
these types of interactions is dominant. However, 
if a direct atomic replacement mechanism is also 
operative in the solid phase, our previous data on 
sugar systems 4 indicates that Walden inversion is 
not involved in the primary hot reaction. 

The Hot Replacement Mechanism in Other 
Systems. — If direct hot replacement is the primary 
mechanism for the reaction of recoil tritium in the 
gas phase, it is of interest to explore the possibility 
that other hot-atom reactions proceed by a similar 
process. Our previous study of liquid alkanes 
offers the most direct comparison with the present 
data. Table'VIII, comparing the chemical fate of 
recoil tritium in gaseous and condensed methane 
and ethane shows no major changes in the pattern 
of products. This suggests that the mechanism 
remains essentially unchanged by the phase change.. 

The changes that are observed in going to the 
liquid phase are the ones that would be expected 
as a result of the system becoming close packed, 
and also, in the case of methane, being at a much 
lower temperature. 

In the condensed phase the medium can readily 
absorb excess energy and momentum from the col- 
lision complex and may thus increase the proba- 
bility for the primary displacement processes. Of 
the secondary processes the reaction of T- with 
CHs- (Table VII B2b) becomes more probable, 

(18) W. Hoff and F. RowUnd, J. Am. Chim. Soc, 70, 4887 (1957). 
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since these fragments— resulting from the dissocia- 
tion of a collision complex which had too high an 
internal energy to form CH a T directly— may now 
be kept together by the "cage"" of surrounding 
mo ecules, and can thus reunite to form the labelled 
molecule. 

The net effect of the condensed medium is then 
an increase in the yield of the labelled form of the 
molecule irradiated at the expense of the other 
products. The modifications imposed correspond 
l?> ^ Fe experimentally indistinguishable from 
^ .bilLard-ball, radical cage" mode! proposed by 
Libby 20 and extended by Miller, Gryder and Dod- 
son. 21 

Table VIII 

Effect op Phase on Chemical Fate or Recoil Tritium 
(Flux ~5 X 10 9 n./cm. f sec.) 

Recoil T> CHi, Recoil T + CirTi, 



Labeled product 

HT 
CH,T 

Cj hydrocarbons 
C| hydrocarbons 
d and higher hydro- 
carbons 



% " '%' 

Gaa ' Liq. Gas Lia 

(50°) (-160°) (50°) (-160°) 

50.0 39.1 r 43,4 4^7 

31.8 48.6 3.8 5.4 

7.7 5.8 27.5 41.5 

4.0 4.2 9.7 5.3 



6.3 



2.3 15.3 



6.2 



It appears that the direct displacement 
mechanism can account well for reactions of recoil 
tritium in general, provided that the properties of 
the condensed phase in providing a momentum and 
energy sink are taken into account. In agreement 
with this thesis is our previous observation that 
labeled product distributions in more complex 
condensed systems have qualitatively the same 
features as those observed in gaseous methane. 
Hoff and Rowland 18 have concluded already from 
their detailed studies of liquid alcohol and acetone 
that a nonradical primary displacement mechanism 
would provide a possible explanation for their ob- 
servations. Particularly significant are their find- 
ings that a radical scavenger (diphenyl-picryl- 
hydrazyl) lowered the yield of HT and labile 
tritium and that the reactions unaffected by scaven- 
ger could all proceed by replacing a single group, 
preferably a hydrogen atom, with recoil tritium. 

Although most recoil atoms studied in hot-atom 
chemistry are much heavier than T, their size and 
rate of energy loss at the end of their track should 
not be greatly different from recoil tritium. This 
raises the question of whether the mechanism we 
have suggested for recoil tritium is perhaps impor- 
tant in hot atom chemistry in general. Current 
theories 10 ' 22 of hot-atom chemistry distinguish 
between a "hot" and a ' "diffusive" mechanism. 
The? diffusive process is affected by the addition of 
radicals and evidently corresponds to our "second- 
ary" processes. The "hot" process is generally 
thought 10 -" to involve reaction of the recoil atom at 
the end of its track with one of the radicals it has 
just produced and which is being held in the same 
solvent cage. But there appears to be no direct 

(18) J. Franck and E. Rabinowitoh, Tran: Faraday Soc. t 30. 120 
(1934). 

(20) W. F. Libby, J, Am. Chem. Soc, 69, 2523 (1947). 

(21) Miller. Gryder and Dodson, /. Chem. Phyt. t 18, 579, 805 (1950). 

(22) M. Milmau and P. Shaw, J. Chem. Soc, 1303 (1957). 
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evidence in the field of hot-atom chemistry, which 
indicates that this actually is the essential mecha- 
nism of the "hot" or radical-scavenger independent 
step. It seems quite possible that the hot displace- 
ment mechanism (modified as discussed above for 
condensed phases) might account for the existing 
data on hot-atom reaction as well as or even better 
than the "caged radical" model and its variations. 

Appendix 

The Charge State of Recoil Tritium.— One of 
the chief objectives of this research has been to in- 
vestigate the gas phase reactions of a recoil species 
which is unambiguously a hot atom, rather than an 
ion, in the energy range of chemical interest. As 
mentioned in the introduction, the failure of halo- 
gen recoil species to act as expected on the basis of 
conventional hot-atom theory is often explained 11 
by the hypothesis that they are actually reacting as 
ions rather than as hot atoms. This is a pos- 
sibility, though perhaps not generally a likely one, 
since in the formation of halogen recoils by (n,y) 
reaction low energy 7-rays may be produced and 
internally converted. Because of their low recoil 
energy the resulting ions might not be able to un- 
dergo sufficient collisions to become neutralized 
before reacting to enter chemical combination. 

We have earlier mentioned that recoil tritium 
should react as an atom. Willard, 8 - 11 however, has 
presented the alternative suggestion that the prod- 
ucts observed in the interaction of recoil T with 
alkanes were probably formed by ion-molecule 
reactions involving T+ The high efficiencies ob- 
served for reactions such as H+ + CH 4 CH 5 + ob- 
served by mass spectrometry are cited in support of 
this hypothesis. 

We consider that the close agreement of our re- 
sults with the predictions of the hot-atom mecha- 
nism proposed by us is significant, However, our 
main basis for believing that recoil tritium must 
become chemically incorporated by reaction as an 
atom is based on the theory and experimental evi- 
dence on the physics of the slowing-down of fast 
particles. 

The triton is of course produced as a bare nucleus, 
and as long as it remains at very high energy it will 
remain so. According to the theory of Bohr," as 
the ratio of the kinetic energy (E) of the nucleus to 
-he ionization potential (ci) of the electron in 
question drops to approximately the ratio of the 
nuclear (M) to electron (m) masses, the electron 
capture cross-section of the nucleus (<r c ) increases 
to become equal to the ionization cross section of the 
corresponding atom (<r e ). Thus, when E/ti~ 
M/m t then <r e /<r 0 = 1. This preaiction has been 
verified for proton beams in both gases and 
solids. 24 " 26 For a triton this energy corresponds to 
~75 Kev. Since both <r 0 and <r 0 are large, 3 * equi- 
librium is established quickly and the ratio <r o /a 0 
also represents the ratio of ions to atoms. 
Due largely to mathematical difficulties no ac- 

(23) N. Bohr, Dan. Mat, Fy$. Mtdd., 18, No. 8 (1048J. 

(24) S. Alliaon and S. Warshaw, Rev. $fod. Phy*„ 25, 779 (1953). 

(25) J. A. Philipa, Phyi. Rev,, 97, 404 (1965). 

(26) P. Stier, C. Barnett and G. Evans, i6td„ 96, 973 (1954). 



curate values of <r 0 /<r, have been calculated for 
lower energies. There is, however, no disagreement 
that this ratio must monatomically decrease toward 
zero with decreasing energy. A very large body of 
experimental data 5 *. 2 *. 27 on the equilibrium ion to 
atom ratios at kinetic energies down to 3 Kev. 
support this expectation. In the kilo-volt range, 
the proportion of ions is invariably reduced to a few 
per cent. 

Less experimental evidence is available for 
lower energies, but there is no reason to expect a 
change in the trend. Simons and co-workers 28 
have studied the scattering of protons of <150 e.v. 
in hydrocarbons and report rapid neutralization. ' 

Another approach to this problem is via the 
resonance rule 50 (adiabatic hypothesis) which gives 
a successful qualitative picture of the cross-section 
for charge exchange processes. For a reaction 
involving a net energy transfer AE, the maximum 
cross-section occurs when AE/h ~ v/a, where v is 
the relative velocity of the colliding particles and 
a, the range of their interaction. Although this 
theory chiefly considers charge exchange between 
single atoms or ions, qualitatively correct answers 
may still be expected for the cases under consider- 
ation here. Table IX shows |A£|'s of charge 

Table IX 

Chabgb Transfer Processes op Tiuthtm in Methane 

Absolute Relative kinetlo 
□ergiea for max. 
probability of 



T + CH< — T+ + CH 4 + e- 
T + CH 4 -*T-+ CH 4 + 
T- + CH 4 -*T + CH* + e- 
T+-f-CH«-*T-hCH«+ 



energy ener 

of process pre ^ „. 

(e.v.) reaction (e.v.) 



13.5 
12:4 
0.7 
0.4 



~30,000 
~25,000 

—30 



transfer reactions together with the corresponding 
relative energies at which the cross sections are 
at their maxima. It is thus seen that as a par- 
ticle loses its energy in the terminal portion of 
its track the probability of a de-ionization reaction 
becomes maximal while an ionization reaction be- 
comes even less probable. Further, the magnitude 
of the cross-section peaks for these charge transfer 
processes increases with decreasing energy. Thus 
since under almost any circumstances (except 
perhaps in metals) the neutralization reactions in- 
volve less energy than ionization, an ion slowed 
down from a fairly high energy by a large number of 
collisions must come to rest as an atom. Similar 
considerations indicate that unless the first excited 
state is extremely low, the atom will also be in its 
ground state. 

The interest and criticisms of the Professors 
W. von E. Doering, F. S. Rowland and J. E. Willard 
were most helpful. The authors are most grateful 
to Brookhaven National Laboratory where the 
part of this work published earlier 1 was performed 
for continued help and assistance. ' 

(27) See for instance A. C. Whittier, Con. /. CW, 32, 275 (1954). 

(28) J. H. Simons, et al.. This Journal, 56, 837 (1962); Chsm 
Phys., 18, 473 (1050); 13, 216, 221 (1945). 

(29) Mott and Maasey, "The Theory of Atomic Colliaiona," Oxford 
1949. Maasey and Burbop, "Electronic and Ionic Impaot Phenome- 
non/' Oxford, 1952, * 9 
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Esterase-Sensitive Cyclic Prodrugs of Peptides: Evaluation 
of an Acyloxyalkoxy Promoiety in a Model Hexapeptide 

Giovanni M. Pauletti, 1 Saiyeev Gangwar, 1 Franklin W. Okumu, 1 Teruna J. Siahaan, 1 
Valentino J. Stella, 1 and Ronald T. Borchardt u 
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Purpose. To evaluate a cyclic acyloxyalkoxycarbamate prodrug of a model hexapeptide (H-Trp-Ala-Gly- 
Gly-Asp-Ala-OH) as a novel approach to enhance the membrane permeation of the peptide and stabilize 
it to metabolism. Methods. Conversion to the linear hexapeptide was studied at 37°C in aqueous buffered 
solutions and in various biological milieus having measurable esterase activities. Transport and metabolism 
characteristics were assessed using the Caco-2 cell culture model. Results. In buffered solutions the cyclic 
prodrug degraded chemically to the linear hexapeptide in stoichiometric amounts. Maximum stability 
was observed between pH 3-4. In 90% human plasma (t tn = 100 i 4 min) and in homogenates of the 
rat intestinal mucosa (t ]n = 136 ± 4 min) and rat liver (i l/2 = 65 ± 3 min). the cyclic prodrug disappeared 
faster than in buffered solution, pH 74 (t xn = 206 ± 1 1 min). Pre treatment of these media with paraoxon 
significantly decreased the degradation rate of the prodrug. When applied to the apical side of Caco-2 
cell monolayers, the cyclic prodrug (t in = 282 ± 25 min) was significantly more stable than the 
hexapeptide (t in ~ 14 min) and at least 76-fold more able to permeate (P^ = 1.30 ± 0.15 X 10~ 7 cm/ 
s) than the parent peptide (P^ £ 0. 17 X l(T 8 cm/s). Conclusions. Preparation of a cyclic peptide using 
an acyloxyalkoxy promoiety reduced the lability of the peptide to peptidase metabolism and substantially 
increased its permeation through biological membranes. In various biological media the parent peptide 
was released from the prodrug by an apparent esterase-catalyzed reaction, sensitive to paraox on inhibition. 

KEY WORDS: esterase-sensitive prodrug; peptide delivery; Caco-2 cells; membrane permeability; enzy- 
matic stability; chemical stability. 



INTRODUCTION 

Ginical development of orally active peptide drugs has 
been restricted by their unfavorable physicochemical properties, 
which limit their intestinal mucosal permeation, and their lack 
of stability against enzymatic degradation (1-3). Successful 
oral delivery of peptides will depend, therefore, on strategies 
designed to alter the physicochemical characteristics of these 
potential drugs, without changing their biological activity, in 
order to circumvent the intestinal epithelial cells. In general, 
it is accepted that size, charge, and lipophilicity are crucial 
physicochemical properties in determining the ability of a pep- 
tide to permeate the intestinal mucosa (4). Solution conforma- 
tion might be another important parameter affecting the transfer 
of peptide drugs across biological membranes (5, 6). 

One possible approach to altering the physicochemical 
properties of a peptide is to employ prodrug strategies. Prodrugs 
are pharmacologically inactive chemical derivatives of drugs 
designed to overcome pharmaceutical and/or pharmacokinetic 
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problems (for reviews see (7) and (8)). The ideal prodrug of a 
peptide would exhibit enhanced membrane permeation charac- 
teristics and increased stability against metabolic degradation. 
After crossing the membrane barrier, the prodrug should 
undergo spontaneous or enzymatic transformation to release 
the peptide, which then can exhibit its pharmacological effect. 
By preparing cyclic prodrugs using the functional groups of 
the N- and C-terminal ends of a peptide, metabolic degradation 
mediated by exopeptidases should be minimized (9). In addi- 
tion, cyclization of a peptide may also restrict the conforma- 
tional flexibility of the molecule, leading to a more compact 
structure with altered physicochemical properties (10). 

Recently, our laboratory reported the synthesis of a cyclic 
prodrug of a model hexapeptide (H-Trp-Ala-Gly-Gly-Asp-Ala- 
OH) using an acyloxyalkoxy promoiety (1 1). The degradation 
of this N-terminal to C-terminal linked cyclic prodrug was 
designed to occur by an esterase-catalyzed reaction (Scheme 
1). Esterases represent a large family of isozymes with broad 
substrate specificity found in a variety of tissues (e.g., blood, 
liver, intestinal mucosa) from different species (12, 13). In this 
study, we have determined the stability of the cyclic acyloxyal- 
koxycarbamate prodrug in buffer solutions and in various bio- 
logical milieus having measurable esterase activities. Transport 
and metabolism of this cyclic prodrug were assessed using a 
cell culture model (Caco-2) of the intestinal mucosa. Caco-2 
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Scheme 1. Proposed mechanism for the release of the linear hexapeptide from the cyclic acyloxyalkox- 

ycarbamate prodrug. 



cells, which spontaneously undergo differentiation into conflu- 
ent monolayers (14), have been shown to exhibit both the 
physical and metabolic barrier properties of intestinal mucosal 
cells to peptides (15-17). Our results are discussed in light of 
the physicochemical properties and the conformational structure 
of the cyclic prodrug. 

MATERIALS 

The cyclic acyloxyalkoxycarbamate prodrug was prepared 
as described elsewhere (11). The linear model hexapeptide, H- 
Trp-Ala-Gly-Gly-Asp-Ata-OH, was obtained by solid phase 
synthesis using standard Fmoc chemistry, purified by prepara- 
tive HPLC (>98%), and characterized by FAB+-MS and 'H- 
NMR (10). Diethyl p-nitrophenyl phosphate (=paraoxon, 
approx. 90%),p-nitrophenyl butyrate (-98%), dimethyl sulfox- 
ide (>99.5%), bestatin hydrochloride, captopril, Dulbecco's 
phosphate-buffered saline, and Hanks' balanced salts (modi- 
fied) were purchased from Sigma Chemical Co. (St. Louis, 
MO). L-Glutamine 200 mM (100X), penicillin (10,000 U/ml), 
streptomycin (10.000 ng/ml), and non-essential amino acid 10 
mM (100X) in 0.85% saline were obtained from Gibco BRL, 
Life Technologies (Grand Island, NY). Dulbecco's modified 
Eagle medium and trypsin/EDTA solution (0.25% and 0.02%, 
respectively, in Ca 2+ - and Mg 2+ -free Hanks* balanced salt solu- 
tion) were purchased from JRH Biosciences (Lenexa, KS). 
Rat tail collagen (type 1) was obtained from Collaborative 
Biomedical Products (Bedford, MA), and fetal bovine serum 
from Atlanta Biologicats (Norcross, GA). D-l[ u C]Mannitol 
(spec. act. = 2.07 GBq/mmol) was purchased from Moravek 
Biochemicals (Brea, CA), and diprotin A was obtained from 
Bachem Feinchemikalien (Bubendorf, Switzerland). All other 
chemicals and solvents were of high purity or analytical grade 
and used as received. 

METHODS 
Cell Culture 

Caco-2 cells were obtained from American Type Culture 
Collection (Rockville, MD) at passage 18. As described pre- 



viously (14), cells were grown in a controlled atmosphere of 
5% C0 2 and 90% relative humidity at 37°C in 150 cm 2 culture 
flasks using a culture medium consisting of Dulbecco's modi- 
fied Eagle medium (DMEM) supplemented with 10% heat- 
inactivated fetal bovine serum, 1% non-essential amino acids, 
100 u,g/ml streptomycin, 100 U/ml penicillin, and 1% L-gJuta- 
mine. When approximately 80% confluent (i.e., 3-5 days), cells 
were detached from the plastic support by partial digestion 
using trypsin/EDTA solution and either subcultured in new 
flasks or plated on collagen-coated polycarbonate membranes 
(Transwell®, 3 u.m pore size, 24.5 mm diameter) at a density 
of 8.0 X 10 4 cells/cm 2 . Caco-2 cells were fed with culture 
medium every other day for 7 days and then daily until transport 
experiments were performed (apical volume 1.5 ml, basolateral 
2.6 ml). Ceils were used in this study between passages 40 
and 43. 

Tissue Homogenate and Human Plasma 

Rat Intestinal Homogenate 

Male Sprague-Dawley rats (Animal Care Unit, The Uni- 
versity of Kansas, Lawrence, KS) weighing 250-350 g were 
anesthetized with Metofane® and an abdominal incision was 
performed. The small intestine, from —5 cm distal to the pylorus 
to —5 cm proximal to the caecum, was immediately removed 
and rinsed with ice-cold oxygenated (95% 0 2 and 5% C0 2 ) 
Hanks' balanced salt solution (HBSS), pH 7.4. After flushing 
out the intestinal contents with ice-cold oxygenated HBSS, 
segments of approximately 3 cm were isolated and cut open. 
The intestinal mucosa was scraped off with a glass slide by 
placing the everted intestine on a glass plate that was kept on 
a layer of ice. The mucosa was homogenized on ice with 10 
ml HBSS using a 15 ml Wheaton glass homogenizer (15 strokes, 
pestle/wall clearance 0.25-0.76 mm). Aliquots of 1.5 ml were 
frozen and kept at -80°C until used. Before an experiment, 
the homogenate was quickly thawed and rehomogenized on ice 
with an equal volume of HBSS (10 strokes, pestle/wall clearance 
0.64-0.75 mm). Cell debris and nuclei were removed at 4°C 
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by centrifugation for 10 min at 10,000 rpm (9000 X g) using 
a Marathon 21K/BR centrifuge (Hermle AG, Gosheim, FRG). 

Rat Liver Homogenate 

Rat livers were obtained from the same animals used to 
prepare the intestinal homogenate. The tissue was blotted to 
dryness and after weighing was sliced in small pieces with a 
scalpel. Homogenates were prepared in HBSS(1 ml per g tissue) 
as described for the preparation of rat intestinal homogenate. 

Caco-2 Cell Homogenate 

Confluent Caco-2 cell monolayers (21-28 days) were 
washed 3x with ice-cold HBSS and carefully scraped from the 
filter support with a rubber spatula. Cells of 6 monolayers were 
collected in 2 ml of ice-cold HBSS and homogenized on ice 
using a 15 ml Wheaton glass homogenizer (15 strokes, pestle/ 
wall clearance 0.64-0.76 mm). Cell debris and nuclei were 
removed as described above. 

Human Plasma 

Human blood, stabilized with CPDA-i solution USP, was 
obtained from the Topeka Blood Bank (Topeka, KS). Plasma 
was separated from the erythrocytes at 4°C by centrifugation 
for 10 min at 4700 rpm (2000 X g). For stability studies, human 
plasma was diluted to 90% (v/v) with HBSS, pH 7.4, in order 
to maintain the pH of the solution during the experiment. 

Lipophilicity 

The lipophilicities of the cyclic prodrug and the linear 
hexapeptide were estimated by determining their partition coef- 
ficients between 0.02 M phosphate buffer, pH 7.4, and an immo- 
bilized artificial membrane (IAM.PC.DD column, 10 cm X 4.6 
mm I.D., Regis Technologies, Inc., Morton Grove, 1L) 
according to Liu et aL (18). Aliquots (20 u.1) of the peptide 
solutions (—15 u,g/ml, in running buffer) were injected on the 
c lumn (flow rate 1.0 ml/min) and solutes detected with a UV 
detector (X = 220 nm) or with a fluorescence detector as 
described below. 

M lecular Size 

The average hydrodynamic volumes of the peptides were 
estimated by high-resolution size exclusion chromatography 
performed in 0.02 M phosphate buffer, pH 7.4, with 0.25 M 
NaCl using a Superdex Peptide 10/30 HR column (10 X 300 
mm, Pharmacia Biotech, Uppsala, Sweden). The peptide solu- 
tions (50 uJ, —10 ftg/ml, in running buffer) were injected on 
the column (flow rate 1.0 ml/min), and solutes were detected 
with a UV detector at k = 220 nm as described below. 

Chemical Stability 

The chemical stability of the cyclic acyloxyalkoxycarba- 
mate prodrug was assessed at 37°C over the pH range 3.0-9.6. 
Solutions of the prodrug (— 15 u-g/ml) were prepared in buffers 
at an ionic strength of 0.5 M adjusted with NaCl. The buffers 
(0. 1 M) used for each pH were as follows: potassium bitartrate 
at pH 3.0; sodium acetate at pH 4.0; sodium phosphate at pH 
5.0-8.0; and sodium borate at pH 9.0 and 9.6. Samples were 
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maintained at 37.0 ± 0.5°C in a temperature-controlled shaking 
water bath (60 rpm) in sealed vials. Periodically, 20 u.1 aliquots 
were removed and immediately analyzed by HPLC. Rate con- 
stants were calculated by linear regression from pseudo first- 
order plots of prodrug concentration vs. time measured for at 
least two half-lives. 

Enzymatic Stability 

The stability of the acyloxyalkoxycarbamate prodrug in 
various tissue homogenates and 90% human plasma was deter- 
mined at 37°C in the presence and absence of paraoxon, a 
potent esterase inhibitor. Total esterase activity in the biological 
media was assessed using p-nitrophenyl butyrate (PNPB) as 
substrate. p-Nitrophenol, the final product of mis enzymatic 
reaction, was quantitated spectrophotometrically at \ - 420 
nm using a HP 8452 diode array spectrophotometer equipped 
with a temperature-controlled cuvet holder (25°C). Initial veloc- 
ities were calculated by linear regression (r 2 > 0.99) and cor- 
rected for non-enzymatic hydrolysis. Esterase activities were 
expressed as units per milligram protein (U/mg protein). One 
unit represents the amount of enzyme that catalyzes the forma- 
tion of I jimol />-nitrophenol per minute in HBSS, pH 7.4 
(25°C). Conditions of linearity for the enzymatic hydrolysis of 
PNPB in HBSS, pH 7.4, (25°C) were maintained for 600 s 
between 0.02-2 U/ml. Total protein concentration in the biolog- 
ical media was determined using the Bio-Rad® Protein Assay 
(Bio-Rad Laboratories; Richmond, CA) with bovine serum 
albumin as standard. 

The acyloxyalkoxycarbamate prodrug (final concentration 
—24 u.M) was incubated for 6 hours with I ml of homogenates 
of rat intestinal mucosa, rat liver, Caco-2 cells or 90% human 
plasma in a temperature-controlled (37.0 ± 0.5°Q shaking 
water bath (60 rpm). At various time points, aliquots (20 u,l) 
were removed and the esterase activity immediately quenched 
by adding 150 u.1 of a freshly prepared 6 N guanidinium hydro- 
chloride solution in acidified HBSS (HBSS containing 0.01% 
(v/v) phosphoric acid). Aliquots (150 u.1) of that acidic mixture 
(pH -3) were then transferred to an Ultrafree«-MC 5000 
NMWL filter unit (Millipore, Bedford, MA) and centrifuged 
at 7500 rpm (5000 X g) for 60 min (4°C). Aliquots (50 u.1) of 
the filtrates were diluted with mobile phase and injected on the 
HPLC column. Recoveries for die peptides were ^97%. 

The effect of an esterase inhibitor on the rate of degradation 
of the cyclic prodrug in the various biological media was deter- 
mined using paraoxon. Paraoxon (final concentration I mM) 
was first preincubated with the respective biological matrix for 
15 min at 37°C before adding the prodrug or PNPB. Apparent 
half-lives (t xn ) for the disappearance of the prodrug were calcu- 
lated from the rate constants obtained by linear regression 
(r 2 2: 0.97) from pseudo first-order plots of prodrug concentra- 
tion vs. time. 

Transport Studies 

Caco-2 cell monolayers grown on collagen-coated polycar- 
bonate filters (Transwells*) were used for transport experiments 
between days 21 and 28. The integrity of each batch of cells 
was first tested by measuring the leakage of [ |4 Cl-mannitol 
in representative cell monolayers (n = 3). Apical (AP)-to- 
basolateral (BL) flux for this paracellular marker never 
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exceeded values of 0.4%/hour. Routinely, cell monolayers were 
washed 3X with pre warmed HBSS, pH 7.4, and the peptide 
solution (— 100 \xM in HBSS) was applied to the donor compart- 
ment (AP. 1.5 ml or BL, 2.6 ml). HBSS was added to the 
receiver compartment. Samples (120 pJ, receiver side; 20 uJ, 
donor side) were removed at various times up to 1 80 min from 
both sides. The volume removed from the receiver side was 
always replaced with fresh, prewarmed HBSS. To stabilize the 
samples, an aliquot of acetonitrile and diluted phosphoric acid 
(final concentrations 10% (v/v) and 0.01% (v/v), respectively) 
was added. This acidic mixture (pH —3) was immediately 
frozen in a dry-ice/acetone bath and kept at -80°C until HPLC 
analysis. Transport experiments, from the AP-BL side as well 
as from the BL-AP side, were performed in triplicate at 37°C 
in a shaking water bath (60 rpm). Permeation of the linear model 
hexapeptide through Caco-2 cell monolayers was assessed in 
the presence and absence of a "cocktail" of three peptidase 
inhibitors (i.e., 0.29 mM bestatin, I mM captopril, and I mM 
diprotin A). 

HPLC Analysis 

Chromatographic analyses were carried out on a Shimadzu 
LC-10A gradient system (Shimadzu, Inc., Tokyo, Japan) con- 
sisting of LC-10AD pumps, a SCP-6 controller, a SPD-10A 
UV detector, and a RF-535 fluorescence detector connected 
to LCM00 integrators (Perkin-Elmer, Norwalk, CT). Samples 
from a refrigerated sample tray (4°C) were injected by a Perkin- 
Elmer ISS-100 autoinjector on a Dynamax C| 8 reverse-phase 
column (5 u,m, 300 A, 25 cm X 4.6 mm I.D., Rainin Instru- 
ments, Woburn, MA) equipped with a guard column. The fluo- 
rescence of the eluent was monitored at emission \ = 345 nm 
(excitation X = 285 nm). Gradient elution of the peptides was 
performed at a flow rate of 1 ml/min from 10.8-74.0% (v/v) 
acetonitrile in water using trifluoroacetic acid (0.1%, v/v) as 
the ion-pairing agent. Under these conditions, the retention 
times of the linear model hexapeptide and the cyclic prodrug 
were 7.7 and 1 1.8 min, respectively. 



Data Analysis 

Permeability coefficients (P^) of the linear model hexa- 
peptide were calculated according to equation 1 : 



M D 
M D (0) 



m A • c(0) 



(i) 



where Afi/A/ = linear appearance rate of mass in the receiver 
solution, A =* cross-sectional area (i.e., 4.71 cm 2 ), and c(0) = 
initial peptide concentration in the donor compartment at r = 0. 

Data analysis for the acyloxyalkoxycarbamate prodrug was 
based on the assumption that the change in the amount of the 
prodrug in the donor compartment is due only to passive diffu- 
sion from the donor to the receiver compartment and chemical 
hydrolysis in the donor compartment. Similarly in the receiver 
compartment, the change in mass of the prodrug is assumed to 
be related only to the passive diffusion of the prodrug from the 
donor to the receiver compartment and chemical hydrolysis in 
the receiver compartment. Under these conditions, the following 
equations were obtained using Laplace transformation: 



Mr 
M D (0) 



(2) 



(3) 



V D - volume of the donor compartment and k = rate constant 
characterizing the chemical hydrolysis of the cyclic prodrug 
during transport experiments. M D and Ma represent the amount 
of prodrug in the donor and receiver compartments, respec- 
tively, and M D (0) - the initial amount of prodrug applied to 
the donor compartment at / = 0. P app for the acyloxyalkoxycar- 
bamate prodrug was obtained by a simultaneous curve-fitting 
procedure using equation 2 for the receiver and equation 3 for 
the donor compartment. 

Statistical Analysis 

The results of experiments performed in triplicate are pre- 
sented as mean ±SD. Statistical significance was tested by one- 
way analysis of variance (ANOVA) using Tukey's family error 
at p < 0.05. 

RESULTS 
Chemical Stability 

The degradation kinetics of the cyclic prodrug at 37°C 
was followed in aqueous buffered solutions, pH 3.0-9.6, for at 
least two half-lives. The only degradation product that appeared 
in the reaction mixture was the linear hexapeptide. which was 
stable at all pH values studied. Mass balance (>97.2%) was 
achieved in all experiments. A representative time course of 
the disappearance of the cyclic prodrug and the appearance 
of the linear hexapeptide is presented in Fig. 2A. From the 
disappearance of the cyclic prodrug, degradation rate constants, 
*ot»» were calculated by linear regression of pseudo first-order 
plots (r 2 2= 0.98). Fig. 1 shows a plot of the log vs. pH, 
which appears to consist of two distinct portions. Maximum 
stability of the cyclic prodrug was found at pH values ^4 




PH 

Fig. 1. The pH/rate profile for the chemical degradation of the cyclic 
prodrug determined in 0. 1 M buffer solutions pH 3.0-9.6 (p. = 0.5 
M) at 37°C. Apparent first-order rate constants, k^, were calculated 
from the disappearance of the prodrug as described in Materials and 
Methods. 
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Fig. X Stability of the cyclic prodnjg at 37°C in HBSS, pH 7.4, and 
90% human plasma. Panel A shows the time course of the disappearance 
of the cyclic prodrug (•) and the appearance of the linear hexapeptide 
(©) in HBSS, pH 7.4; Panel B shows the result of a similar experiment 
performed in 90% human plasma. Experiments were performed in 
triplicate (average ± SD). 



reduced (Table I). However, the extent of inhibition was not 
related to the total enzyme activity measured in the absence of 
paraoxon, but seems to be species-dependent (rat » human) 
and, within the same species (i.e., rat), tissue-specific (intestine 
> liver). In 90% human plasma, residual esterase activity after 
incubation with paraoxon was still 30% of the initial activity, 
whereas in rat liver homogenate only a minimum residual activ- 
ity of 1.3% could be determined. In rat intestinal homogenate, 
no esterase activity at all was detectable after pretreatment 
with paraoxon. 

Apparent half- lives for the disappearance of the cyclic 
prodrug in the various biological media are presented in Table 
I. With the exception of Cacr>2 cell homogenate, the rate of 
disappearance of the cyclic prodrug in these biological media 
was substantially faster than in HBSS, pH 7.4. In Caco-2 cell 
homogenate, the cyclic prodrug disappeared at approximately 
the same rate as that observed in HBSS, although esterase 
activity was measured in this biological matrix. 

In the presence of paraoxon, the disappearance of the 
cyclic prodrug in all biological media, except for Caco-2 cell 
homogenate, was significantly slower than in the absence of 
the esterase inhibitor. This indicates that the cyclic prodrug 
most likely degrades by hydrolysis of the ester bond mediated by 
esterases. However, it should be mentioned that in all biological 
media, mass balance for the conversion of the cyclic prodrug 
to the linear hexapeptide was not achieved. The amount of 
the linear hexapeptide never exceeded values of 0.05% of the 
prodrug equivalent as shown in Fig. 2B for the degradation of 
the cyclic prodrug in 90% human plasma. This can be explained 
by the fact that, in contrast to the experiments performed in 
aqueous buffered solutions, the linear hexapeptide rapidly 
degrades (e.g., t ]n in 90% human plasma = 3.7 min; data not 
shown) due to the presence of peptidases in these biological 
media. 



Transport in Caco-2 Cell Monolayers 



(*oi» = 1.61 X 10" 4 min" 1 ). With increasing pH, the cyclic 
prodrug degrades progressively faster to the linear model hexa- 
peptide. At pH values the slope in the pH/rate-proflle is 
approximately 1. 

Enzymatic Stability 

The acyloxyalkoxycarbamate prodrug was designed to 
undergo enzyme-catalyzed hydrolysis of the ester bond fol- 
lowed by two fast chemical steps to release the parent peptide 
(II) (see Scheme I). Therefore, the stability of the cyclic pro- 
drug was determined in various biological media (i.e., rat intesti- 
nal homogenate, rat liver homogenate, 90% human plasma and 
Caco-2 cell homogenate) having measurable esterase activities, 
and these rates were compared to the chemical degradation in 
HBSS, pH 7.4. 

Comparison of the relative esterase activities present in 
these biological media as determined by PNPB hydrolysis 
reveals that rat intestinal homogenate contains the highest ester- 
ase activity per mg protein, followed by rat liver homogenate, 
Caco-2 cell homogenate and 90% human plasma. After a 15 
min preincubation at 37°C with the esterase inhibitor paraoxon 
(1 mM), enzyme activities in all matrices were significantly 



To determine the cell permeability characteristics of the 
linear hexapeptide and the cyclic prodrug, permeation of these 
peptides was assessed in Caco-2 cell monolayers, an in vitro 
model of the intestinal mucosa. Fig. 3A shows that the linear 
hexapeptide rapidly disappears from the AP side of Caco-2 cell 
monolayers (t m = 14 min), suggesting high susceptibility to 
enzymatic degradation by peptidases. To test this hypothesis, 
transport experiments were conducted in the presence of a 
mixture of three potent peptidase inhibitors (i.e., bestatin, capto- 
pril, and diprotin A) ( 19). Under these conditions, the disappear- 
ance of the linear hexapeptide was indeed slower, so that more 
than 70% of the initially applied peptide concentration was 
still present on the AP side of the monolayer after a 180 min 
incubation. The cyclic prodrug, in contrast, was significantly 
more stable than the linear hexapeptide when applied to the 
AP side of the Caco-2 cell monolayers (Fig. 3A). In the absence 
of peptidase inhibitors, 66.9 ± 1.0% of the prodrug initially 
added to the donor compartment was present after a 3-hr incuba- 
tion period. A comparison of the disappearance rate f the 
cyclic prodrug from the AP side of Caco-2 cell monolayers 
(/i/2 = 282 i 25 min) with the respective rate determined f r 
the chemical hydrolysis of the cyclic prodrug in HBSS (t m = 
206 :t 1 1 min, see Table I) revealed that the cyclic prodrug is 
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Fig. 3. Time course of disappearance of the cyclic prodrug (•) and 
appearance of the linear hexapeptide (in the presence (A) and absence 
((B) of peptidase inhibitors) when applied to the apical side of Caco- 
2 cell monolayers and incubated up to 3 hours at 37°C. Panel A shows 
time profiles of the peptides remaining in the donor compartment (i.e., 
apical side), and Panel B represents the peptides transported to the 
receiver compartment (i.e.. basolateral side). Experiments were per- 
formed in triplicate (average ± SD). 



metabolicalty stable when applied to the AP side of Caco-2 
cell monolayers. 



In the absence of peptidase inhibitors, the linear hexapep- 
tide did not permeate the Caco-2 cell monolayer in measurable 
amounts (Fig. 3B). As a consequence, the apparent permeability 
coefficient (P^) was estimated based on the analytical detec- 
tion limit for the peptide (Table II). The intrinsic permeability 
of the linear hexapeptide was obtained from the linear flux 
(0.08%/hr) that was observed from the AP to the BL compart- 
ment and vice versa in the presence of the peptidase inhibitors. 
The cyclic prodrug, in contrast, was able to cross the cell bar- 
rier in the absence of peptidase inhibitors at an initial rate of 
0.15%/hr (calculated within the first 45 min). At later time 
points, the increase in the amount of prodrug measured in the 
BL compartment deviates from linearity because the prodrug 
is undergoing chemical hydrolysis as described earlier in this 
paper. When compared to the P m of the parent peptide, the 
cyclic prodrug is at least 76-fold more able to permeate than 
is the linear hexapeptide (Table II). Transport in the AP to BL 
direction was statistically not different from the transport in 
the opposite direction (i.e., BL-AP). The cyclic acyloxyalkoxy- 
carbamate prodrug was also approximately 3 times more able 
to permeate than the linear model hexapeptide in the presence 
of potent peptidase inhibitors. 



Physicochemical Properties 

Physicochemical properties (lipophilicities and average 
hydrodynamic volumes) of the linear hexapeptide and the cyclic 
prodrug, which might be crucial in determining their permeation 
characteristics, were determined by chromatographic tech- 
niques and are shown in Table II. The negative log kf AM value 
determined for the linear peptide reflects moderate interaction 
between the hydrophobic portion of the immobilized phosphati- 
dylcholine analogs and the peptide. Incorporating the peptide 
into the cyclic prodrug resulted in stronger interactions to the 
lipophilic stationary phase, as indicated by a larger log k| AM 
value. This suggests higher lipophilicity for the cyclic prodrug 
as compared to the linear hexapeptide. 

Based on the capacity factors, Kj, that were determined for 
the peptides by high-resolution size exclusion chromatography 
(Table II), the cyclic prodrug appears to have a smaller molecu- 
lar hydrodynamic volume than the linear hexapeptide, although 
its molecular weight is larger. 



Table I. Apparent Half-Lives of the Cyclic Prodrug in HBSS, pH 7.4. Rat Intestinal Homogenate. Rat Liver Homogenate, 909fc Human Plasma, 
and Caco-2 Cell Homogenate in the Presence and Absence of Paraoxon (I mM) at 37°C 



Incubation mixture 



Specific activity" 
lU/mg protein] 



Enzyme concentration (U/ml] 



Apparent half-life 6 [min] 



—paraoxon 



+ paraoxon 



-paraoxon 



HBSS. pH 7.4 
Caco-2 cell homogenate 
90% human plasma' 
rat intestinal homogenate 
rat liver homogenate 



0 

0.29 
0.01 
7.37 
1.53 



0 

0.48 
0.37 
10.32 
13.77 



0 

n.d. 
0.11 
0 

0.18 



206 ± II 
209 ± 8 
100 Z 4* 
136 ± 4* 
65 ± 3* 



Note: n.d. - not determined. *Significantly different from the control in HBSS, pH 7.4 [p < 0.05). 
a Determined at 25°C in HBSS, pH 7.4 using p-nitrophenyl buryrate as substrate. 
b Calculated from apparent first-order rate constants. 
Human plasma diluted to 90% (v/v) with HBSS, pH 7.4. 



+ paraoxon 



201 ± 4 
n.d. 

171 £ 13* 
215 ± 4 
193 ± 3 
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Table IL Physicochemical Properties and Transport Characteristics Determined Through Caco-2 Cell Monolayers of the Cyclic Prodrug and 

the Linear Hexapeptide 



Compound 



MW 



Size 3 



Lipophiliciry* 
(log A,am) 



Permeability coefficients. P H 
[X 10 s cm/s) 



AP-BL 



BL-AP 



H-Trp-Ala-Gty-Gly-Asp-Ala-OH 
H-Trp-Ala-Gly-Gly-Asp-AIa-OH 
4- peptidase inhibitor "cocktail" 

Trp-AIa-Gly-Gly-Asp-Ala 

I I 
H N — C — 0 — CH 2 — O — C = O 



574 



0.59 



-1. 10 



<0.17 

4.05 ± 0.24 



<0.17 

4.66 ± 0.60 



631 



0.83 



-0.32 



12.97 ± 1.48' 



11.59 £ 0.91" 



° Determined by high-resolution size exclusion chromatography. 

* Partition coefficient between 0.02 M phosphate buffer, pH 7.4. and an immobilized artificial membrane of phosphatidylcholine analogs 

(IAM.PCDD). 
c Bestatin 0.29 mM, captopril I mM, diprotin A 1 mM. 

d Calculated from the cumulative flux in the receiver compartment that was corrected for chemical degradation of the prodrug in HBSS, pH 
7.4 (see Materials and Methods). 



DISCUSSION 

A fundamental requirement of a prodrug is that it can be 
converted to the parent drug by either a chemical or enzymatic 
reaction (7). The acyloxyalkoxycarbamate prodrug described 
in this study was designed to release the model hexapeptide 
by enzymatic hydrolysis of the ester moiety (see Scheme 1). 
Since ester bonds are not only enzymatically but also chemically 
labile, we determined the stability of the cyclic prodrug both 
in buffered solutions, pH 3.0-9.6, and in biological media known 
to contain esterase activity. 

With respect to chemical instability, this cyclic prodrug 
was more stable under moderate acidic conditions than in basic 
solutions (Fig. 1). The plateau region between pH 3 and 4 
suggests spontaneous or water-catalyzed hydrolysis, whereas 
the progressively faster disappearance at pH values ^5 implies 
a specific base-catalyzed hydrolysis of the ester moiety as the 
major degradation mechanism. It is important to note that the 
linear hexapeptide can be formed from the cyclic prodrug by 
chemical hydrolysis, i.e., in the absence of any esterase activity. 
Since the rate constants for the formation of the linear model 
hexapeptide (e.g., HBSS, pH 7.4, t xa = 213 ± 13 min) were 
nearly identical with those obtained for the disappearance of 
the cyclic prodrug (e.g., HBSS, pH 7.4, t in = 206 ± 1 1 min), 
we concluded that the rate-determining step in the cascade of 
reactions leading to the release of the parent peptide is indeed the 
ester hydrolysis, followed by rapid elimination of formaldehyde 
and carbon dioxide (Scheme 1). 

In a biological milieu, the cyclic prodrug would be 
expected to degrade to the linear hexapeptide by both chemical 
and enzyme-catalyzed reactions (Scheme I). To assess the sus- 
ceptibility of this prodrug to esterase-catalyzed hydrolysis, sev- 
eral biological media were selected and the rates of prodrug 
conversion determined. Based on the spectrophotometric assay 
using PNPB as a substrate, all biological media that were used 
in this study exhibited measurable levels of esterase activity 
(Table I). The specific esterase activity, however, was remark- 



ably species-dependent and, within the same species, found to 
differ significantly between various tissues (Table I). Studies 
performed earlier with different substrates indicate that rat tis- 
sue, in genera], exhibits much higher esterase activities than 
human tissues (12, 20, 21). Within the same species, liver, 
plasma and intestinal mucosa are considered the most important 
sites of metabolism for esterase-sensitive drugs, although the 
ranking order in activity is unquestionably affected by substrate 
specificity (22). 

Apparent half-lives of the acyloxyalkoxycarbamate pro- 
drug in human plasma and rat tissue homogenates were signifi- 
cantly less than in HBSS, pH 7.4. This suggests that the 
disappearance of the cyclic prodrug may be catalyzed by ester- 
ases. Due to rapid metabolism of the linear hexapeptide in 
biological media (e.g., t ia in 90% human plasma = 3.7 min; 
data not shown), it was not clear whether the disappearance of 
the cyclic prodrug was based on the mechanism proposed in 
Scheme 1 or mediated by endopeptidases. The latter pathway 
could be ruled out by the observation that a N-terminal-to- 
C-terminal-linked analog of the hexapeptide showed ^0.3% 
degradation after a 6-hr incubation in rat liver homogenate (data 
not shown). Hence, we have reasonable confidence that the 
cyclic prodrug is converted to the linear model hexapeptide by 
an esterase-mediated reaction. 

Additional experimental evidence for the proposed mecha- 
nism shown in Scheme I was obtained from studies using 
paraoxon, a potent esterase inhibitor. Apparent half-lives of the 
cyclic prodrug in 90% human plasma and rat tissue homoge- 
nates were significantly longer after preincubation with the 
potent esterase inhibitor. In Caco-2 cell homogenate, however, 
the rate of disappearance of the cyclic prodrug in the absence 
of paraoxon was not different than the chemical hydrolysis rate, 
in spite of the fact that this biological medium had high esterase 
activity (Table I). This suggests that the cyclic prodrug can be 
cleaved only by a certain family of isozymes that are present 
in 90% human plasma and rat tissue homogenates but not in 
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Caco-2 cells. Esterases that are sensitive to paraoxon inhibition 
are classified as B -esterases (23). Based on the almost complete 
inhibition of the enzymatic hydrolysis of PNPB in rat tissue 
homogenates in the presence of paraoxon, we conclude that 
these biological media contain predominantly B -esterases. 
Human plasma, in contrast, showed still more than 30% residual 
esterase activity after pretreatment with paraoxon, suggesting 
the presence of a considerable fraction of A-and/or C-esterases 
in this medium. Since the rate of disappearance of the cyclic 
prodrug in 90% human plasma in the presence of paraoxon 
was significantly different from chemical hydrolysis, the acy- 
loxyalkoxycarbamate prodrug seems to have affinity for B- 
esterases as well as for "non"-B-esterases (i.e., A- and/or C- 
esterases). However, carboxypeptidases are also known to 
cleave ester bonds (24) and, therefore, it is not known whether 
the release of the parent peptide from the cyclic prodrug is 
mediated only by esterases. 

The intestinal mucosa represents a significant barrier to 
oral delivery of peptides into the systematic circulation (1,4). 
Tight intercellular junctions limit paracellular flux of a peptide 
(physical barrier), and peptidases associated with the brush- 
border membrane and the cytoplasm (metabolic barrier) rapidly 
metabolize peptides to their constituent amino acids (1-3). 
Therefore, it was of interest to investigate the transport and 
metabolism of the acyloxyaJkoxy carbamate prodrug in Caco- 
2 cell monolayers, an in vitro model of the intestinal mucosa 
that has been shown to exhibit physical (14, 17) and metabolic 
(16) barrier properties similar to the in vivo situation. 

As expected, the linear hexapeptide disappeared rapidly 
from the AP side of Caco-2 cell monolayers, indicating high 
susceptibility to peptidase metabolism (Fig. 3A). HPLC analysis 
revealed Trp and Trp- A la as a major metabolites (data not 
shown). This suggests metabolism by aminopeptidases and 
dipeptidyl peptidase IV, respectively. Since the linear hexapep- 
tide was not detected in the BL compartment, we investigated 
whether the metabolic or the physical barrier function of the 
intestinal mucosa is the major detriment to the permeation of 
this peptide. In the presence of a peptidase inhibitor "cocktail" 
that has been successfully used to stabilize the metabolism 
of delta sleep-inducing peptide (DSIP) on Caco-2 cells (19), 
approximately 70% of the initially applied amount of peptide 
remained after a 3-hr incubation. Under these conditions, a 
linear increase in the amount of peptide transported to the BL 
compartment was observed, indicating that the metabolic rather 
than the physical barrier properties restrict the permeation of 
the linear hexapeptide across Caco-2 cell monolayers. 

The cyclic prodrug, in contrast, was significantly more sta- 
ble than the linear hexapeptide when placed on the AP side of 
Caco-2 cell monolayers (Fig. 3A). This indicates that the cyclic 
prodrug approach using the acyloxyalkoxy promotety can mark- 
edly reduce the lability of the peptide toward metabolic degrada- 
tion mediated by intestinal peptidases. In addition, the cyclic 
prodrug appears to exhibit more favorable physicochemical 
properties to permeate the physical barrier of the intestinal 
mucosa. This conclusion was drawn from the observation that 
the permeation of the acyloxyalkoxycarbamate prodrug is 
approximately 3 times greater than the intrinsic permeability 
determined for the linear model hexapeptide in the presence of 
peptidase inhibitors. The cyclic prodrug was also —3 times more 
permeable than the metabolically stable N -terminus acetylated 
and C-terminus amidated analog of the linear hexapeptide (10). 
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Fig. 4. Secondary structure of the cyclic prodrug in solution (with 
permission (25)). Dashed line indicates the intramolecular hydrogen 
bond of a p-turn and arrows symbolize the close proximity (< 4 A) 
of amide protons in the peptide backbone. 



Structural analysis performed by CD as well as by one- and 
two-dimensional NMR spectroscopy revealed that the cyclic 
prodrug contains well defined elements of secondary structure 
(25), whereas the linear hexapeptide exists in a dynamic equilib- 
rium between random coil and p-turns (10). Fig. 4 shows the 
secondary structure determined for the cyclic prodrug in solu- 
tion (25). The cyclic nature of the prodrug seems to favor 
the formation of intramolecular hydrogen bonds. This might 
account for an overall higher lipophilicity index (i.e.. log 
kiAM) of the cyclic prodrug as determined by I AM chromatogra- 
phy (Table II). In addition, cyclization of a linear molecule can 
also lead to a reduction in size. Based on the K<, values obtained 
by size exclusion chromatography (Table II), it appears that 
the cyclic prodrug is significantly smaller than compounds of 
equivalent molecular weight. As suggested by these results, the 
smaller and less hydrophilic cyclic prodrug comprises more 
favorable physicochemical properties to traverse biological 
membranes than does the linear model hexapeptide. With 
respect to the mechanism of permeation of die cyclic prodrug 
through Caco-2 cell monolayers, reduction in molecular size 
could have increased the paracellular flux of the peptide through 
aqueous pores, and/or the higher lipophilicity of the prodrug 
could have shifted its pathway of permeation to a larger contri- 
bution toward the transcellular route. 

In conclusion, the experimental results presented in this 
paper illustrate that the use of the acyloxyalkoxy promoiety 
to prepare esterase -sen si live cyclic prodrugs may represent a 
promising approach in drug delivery to enhance the membrane 
permeation of peptides and, simultaneously, increase their meta- 
bolic stability. 
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Induction of non-bilayer lipid structures by functional 
signal peptides 
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The Netherlands 

Communicated by L.L.M.van Deencn 

Using 31 P NMR and freeze-fracture electron microscopy 
we investigated the effect of several synthetic signal 
peptides on lipid structure in model membranes 
mimicking the lipid composition of the Escherichia coli 
inner membrane. It is demonstrated that the signal 
peptide of the E.coli outer membrane protein PhoE, as 

well, as that of the M13 phage coat protein, strongly 

* yi v -promote' the formation of nph-bilayer lipid structures. 

■ - «^"^^-/^i*^vl?5S i^?!^?^- 5 ?PI*?^*7* >**?^^¥2^^S^^^^*" *° viw trans- 
,?V* analogue of the ' 



pore-forming role has been recently proposed for the SecY 
protein, one of the components of the export machinery f 
E.coli (Watanabe and Blobel, 1989). Another possibility is 
that membrane lipids are directly involved in translocation 
of proteins across membranes (Wickner, 1979, 1988). The 
observation that the M 13 phage procoat protein can cross 
a pure lipid bilayer in the absence of any proteinaceous 
factors (Geller and Wickner, 1985) strongly supports this 
possibility. Consistent with this hypothesis is the observation 
that phosphatidylglycerol (PG) is involved in, translocation 
of the E.coli outer membrane protein PhoE (De Vrije et al. , , 
1988). 

Evidently, translocation of a water-soluble protein across 
a lipid bilayer would be energetically unfavourable if the 
' polar side chains were in contact with the hydrophobic lipid 

acyl chains. However, an attractive translocation pathway, * 
; • could -be; formed if locally; arid t^sieridy; ah alternative, non- ;f 
. ■ 1988b; . '■.Xr&^pXk 
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site (yqri.Heijne, 1985)^ : ^y^r^^A 

In recent years a number of biophysical studies have^faeen 
carried out on the properties of signal peptides in order to 
get insight into the role of these sequences in protein 
translocation (Batenburg et a/., 1988a,b; Bnich et al.\ 1989: 
Cornell et al. , 1989; Gierasch, 1989; Nagaraj et al. , 1987; 
Reddy and Nagaraj, 1989). However, in spite of extensive 
research in this area, the mechanism by which proteins 
translocate across membranes and the exact role of signal 
sequences therein is still not known. In principle, two types 
of translocation pathways have been postulated. One 
hypothesis, originally proposed f r the analogous eukaryotic 
system, is that proteins translocate via proteinaceous pores 
(Dlobel and Dobberstein, 1975; Rapoport, 1986). Such a 

' Oxford University Press 



specificity of the process was ftirther investig&ed by studying ; ; 
the effect cf various other (signal). peptides as '.well as signal 
peptide fragments. .:<•■■ . . , - «■.• ■• 

We will demonstrate here that the signal peptide of PhoE . 
is extremely effective in inducing the formation of non- . 
bilayer lipid structures in model membrane systems. This 
effect appears to be related to in vitro and in vivo trans- 
location efficiency and is most likely a general property of 
signal peptides. 

Our results support, but do not prove, the hypothesis that 
non-bilayer lipid structures are involved in protein trans- 
location and suggest that signal sequences could act by 
inducing a local change in lipid structure that allows the 
protein to cross the membrane. 
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PhoE signal p ptide 
Fragment Mot""-Ala" ir 
Fragment Met'"-Gly' 10 
Fragment He' 9 -Ala" 1 
N-formylat d signal peptide 
[Asp" l9 ,Asp"J signal peptide 
M13 coat signal p ptide 



-20 -1 
* I 
MKKSTLALWMGIVASASVQA 
MKKSTLA 
MKKST tiAL WMG 

IVASASVQA 
f-MKKSTLALWMGIVASASVQA 
MDDSTLALWMGITOSASVQA 
MKKSLVLKASVAVATLVPMLSFA 



Fig. 1. Primary structure of Uie signal peptides and PhoE signal peptide fragments used in this study. The arrow at position 
cleavage site of the signal sequence. 



- 1 indicates the 



Results 

In this study we investigated the effect of several signal 
peptides and signal peptide fragments on membrane lipid 
structure. The peptides (see Figure 1 for their structure) were 
introduced through the aqueous medium to model 
membranes composed of dioleoylphosphatidylethanolamine 
(DOPE) anddioleoylphosphatidylglycerol (DOPG) in a 3/1 
m lar ratio to mimic the lipid composition of the Exoli inner 
membrane (Burnell etal., 1980b). At 30°C these model 
membranes form stable bilayers, which give rise to a 
characteristic 31 P NMR spectrum (Seelig, 1977; Cullis and 
De Kruijff, 1979) with a low field shoulder and a high field 
peak, as shown in Figure 2A. 

Addition of the PhoE * Signal ^peptide- to [these ^modeft^ 
/membranes results in dr^atic); changes; in : J} B ; NMR7jj> 
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lipids undergo * r fast isotropic 
$U ;?i ^V^i^ (Burnett 

Jit a/hexagorial 
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I >'i- ''i pure^lipidrsamples are incubated at elevated temperatures^: :r Figur^'3i^anhUn accordant with the 3 -f PiNM&resuIts a: / t-.'.y-j . ? ; 

« a similar change fifom a bilayer to isotropic f ! P NMR signal *: control sample, of-pure lipid shows the; presence of large 7 ; ^ 



- change from a bilayer to isotropic VP NMR signal 
is observed as upon introduction of the signal peptide (not 
shown). This behavior has been described in detail in several 
analogous lipid systems and is typical for a temperature 
induced transition from a bilayer organization of lipids to 
a type II cubic structure (Lindblom, 1989). Thus, it is very 
likely that the isotropic 3I P NMR signal induced by the 
PhoE signal peptide represents a type II non-bilayer lipid 
organization. This is further supported by the observations 
that: (i) bilayer stabilization occurred upon incorporation of 
5 mol% palmitoyllysophosphatidylcholine (LFC), a typical 
type I lipid, which on its own organizes in structures with 
a net convex surface curvature and therefore mitigates against 
the formation of type II structures (Madden and Cullis, 



^triple, of-pure lipid shows the; presence of large 
vesicles (diameter 2000 -20 000 A ). Addition of the PhoE 
signal peptide (1/200 molar ratio of peptide to lipid) clearly 
results in a change of morphology. The electron micrograph 
(Figure 3B)* shows the presence of lipidic particles of 
— 120 A in diameter as well as larger volcano-like 
protrusions (diameter ~ 300 A), that most likely represent 
interbilayer fusion points. A very similar change in 
morphology as upon introduction of the signal peptide was 
observed in pure lipid samples after incubation at elevated 
temperatures (not shown). Since such a morphology typically 
occurs under conditions that induce a transition from a 
bilayer rganization of lipids to a hexagonal H l{ phase 
(Verkleij, 1984), the electron microscopy experiments are 
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Signal peptides and non-bllayor lipid structures 
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'< added Jh;.a';niplar ratio of peptide ;to lipid of^l /8G0 the : i?hpE, 
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Fig. ^ -"P'NMR spectra of DOPE/DOPG%5/25; molai ; ratio) ' " 
dispersions upon addition of PhoE [Asp; l9ir " :o ] signal peptide in * - 
molar ratios of peptide to lipid of. 1/800 (A) and 1/200 (B). 

in full agreement with the 3I : P NMR resuIts, both indicating 
that the PhoE signal peptide induces the formation of type 
II non-bilayer lipid structures. . 

To investigate whether this effect of the signal peptide on 
lipid structure can be correlated to its functional activity, 
we next studied the effect of replacement of the positively 
charged lysine residues at the N terminus by aspartic acid, 
which modification in the signal sequence of prePhoE results 
in a decrease of the in vivo and in vitro translocation 
efficiency (Bosch et ai , 1989). Figure 4A shows that when 



wiidrtype,s^hal jreptid^under identi^ < 

^ ' " V. strucKire of boui peptides wasobsei^ 

;: : ;* , composed of the total 1 ipid extract of £. cqli cells (Figure , 5) . 

^samp!^ : showed^a 
4:;- t ,v* & '^sign^^^pjtibe^^iwell as.^o^die ' '[ Asp^^^j • ^ign^^pejptidle - • 

" P the difTer^nces^ 
; f differences in binding, affinity^ ImuSese^fi cpljk ^jlipid ^rnodel 
M ^membranes twice ^he amount-of^bpthisigr^v^ . 
- *;requjred to. induce approximatelynhe's^eVpercCTte^ : 
isotropic 3, P INIMR signal as in the DOP^DOPG mixtures. 
This lower efficiency, of perturbation df.the.bilayer is most 
likely due to the more saturated character of the Ecoli lipids. 

The percentage of isotropic signal induced by the various 
signal peptides in DOPE/DOPG mixtures is quantified in 
Figure 6A. From this figure it is clear that the formylated 
form of the PhoE signal peptide (see Figure 1), which is 
expected to be the form in which the signal sequence 
functions in vivo, has a similar effect on lipid structure as 
the non-formylated signal peptide. Furthermore it was found 
that the signal peptide of the Ml 3 coat protein (see Figure 
1 for its chemical structure) also was able t induce an 
isotropic component in the DOPE/DOPG mixtures, indicat- 
ing that this lipid structure perturbing activity is most likely 
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Fig. 6. Quantification of the relative amount of isotropic 3l P NMR 
signal induced in dispersions of DOPE/DOPG (75/25 molar ratio) by 
various signal peptides (A) and other peptides or signal peptide 
fragments (B) in a 1/200 molar ratio of peptide to lipid. A: PhoE 
signal peptide (WT), : PhoE [Asp- 19 " 20 ] signal peptide (ASP)/ N : ■ 
formylated PhoE signal peptide (f-WT) and signa^ peptide of M13 coat 
protein (M13). B: signal peptide fragments Met : 2 !tAla ? ^5 ,(Er ■ I), V 
V . Met- 2I -Giyr^ (Fr;irII) and Ile'^-Ala" 1 (Frill) and, gramicidin- A 

yj- «or). /^vu: 

* ,i a general property of ^nctional ' [-. 

i this peptide appeared to bWtesler^^ I 
; ^^^peptide,. .it* should be; realized .that -the. extent v pf t the. effect. : j : 
i'.'V; ■■->:/ ^^9? 'W signal^ peptide of tjie.^M 1*31; coat r p lipid . v 

.1 : , i;V& structure ca^bt be direct level v 
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i t v^^sro^ on lipid; stmcture,> J ^P/ NMR - 
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membrane. Moreover, it is shown that this effect on lipid 
structure is most likely a general property of signal peptides, 
since it also is observed for the signal peptide of the M13 
coat protein, which has a different translocation pathway 
(Ohno-lwahita and Wickner, 1983) and does not require the 
proteinaceous factors that are known to be essential for ef- 
ficient translocation of prePhoE (De Vrije et al , 1988; 
Kusters etal, 1989). 

Furthermore, our results indicate that the type II non- 
bilayer lipid structure inducing activity of the signal peptides 
is related to their efficiency in protein translocation, since 
replacement of the two lysine residues at the N terminus of 
the signal sequence of prePhoE by aspartic acid results in 
a decrease of the rate of translocation across the E.coli 
membrane (Bosch etal, 1989) and since similarly we 
demonstrated here that the PhoE [Asp -19 -20 ] signal 
peptide is less effective than the wild-type signal peptide in 
inducing the formation of type II non-bilayer lipid structures 
in DOPE/DOPG mixtures as well as in model membranes 
composed of the total lipid extract of Ecoli cells. 

From the observations that this negatively charged mutant 
signal peptide affects lipid structure less than the wild-type 
PhoE signal peptide and that the positively charged N r v 
terminal fragment of the.PhoE signal peptide does not Vntvi" _ 
. lipid structure at . all>^at can be conclud^/th^ 

,/hydrophobicity, uie;most evident requirement fbpi^^ \ 

; "signal sequences (S^Heyn^^ \>. 

:\, essential for the flayer destabilizing' activity >^ " 

V ;peptides7 whereas^electro 

$e:terj^ P^heS pn^ess [ J£^ ? $ v 

, r : terminal ^fragment^was^abiev^ 
^ * Jorgar^ 
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■'•>&.•* ;;- Jsotrppic signal with an 

a^v^^^^ . 

of gramicidin A', a ye^ 4 stroiig"pron^or,pf.t|^^ 

'ifbrTOtion ^ of type II lipid structures in jTiodel! membrane,'* 

f V : r , f ^sterns (Killian and De Kruijff, 1986), also was found?tb : 

, '7 result in the induction of an isotropic signal (Figure 6B), 

but with an efficiency that is less than that of the PhoE signal 

- peptide (Figure 6A). This observation thus illustrates the 

' V strength of the lipid perturbing activity of the signal peptide. 



Discussion 

The results in this paper demonstrate a completely new 
property of signal peptides, i.e. their ability to induce the 
formation of type II non-bilayer lipid structures when 
introduced through the aqueous phase to model membranes 
mimicking the lipid composition of the E.coli inner 



yl: h sufficients 

-;iMet~ 2 ^G^ founika^ ^ > r . 

j: ijof i ^ adoptingy an^i.ttrhelical ^structure ' . in. apolar solygnts.; . / . 
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r Aatsjgr^ 
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t ,vr, : ; asS^et>nothih about the ..-lqcajizaiion/ of ;signal.\ 

; j.; s^uences du merhbranes, nbris it' * §y 

clear whether a direct interaction occurs between the signal ; " 
sequence of a precursor protein and membrane lipids.; 



Materials and methods 

Materials 

The PhoE signal peptide, its N-formylated deriva;ive and PhoE 
[Asp" 19 " 20 ] signal peptide were prepared by solid-phase synthesis by 
D.Olshevski (University of California, San Diego. CA). M13 coat signal 
peptide was from the same source and was a kind gift of Dr W. Wickner 
(University of California. LA). HPLC analysis, performed as described 
previously (Batenburg et «/. . 1988a). indicated a >95% purity of the various 
signal peptides. Fragments Met" 2l -Ala~ '\ Met" 2f -Gly~ ,n and 
Ilc'^-Ala" 1 of the PhoE signal peptide wen: synthesized and purified as 
described by Batenburg et at. ( 1988a). The amino acid composition of the 
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various peptides was confirmed by amino acid analysis on a Kontron Burnctl.E., Van Alphen.L., Verkleij,AJ. and De Kruijff.B. (1980b) 

Liquimat ill amino acid analyzer. Gramicidin was purchased from Sigma Biochim. Biophys. Acta, 597. 492-501 . 

(St. Louis. MO) and used as such. Chupin.V.. Kilhan J.A. and De Kruijff.B. (1987) Biophys. J., 51, 395-405. 

!.2-Dioieoyl-jn-glycero-3-phosphoglycerol (DOPG). 1 ,2-dioleoyl-jw- Comell.D.G., Dluhy.R.A., Briggs.M.S., Knight,C.J. and Gierasch.L.M. 

glycero-3-phosphoethanolamine (DOPE; and l-palmitoyl-j/i-gly- (1989) Biochemistry. 28, 2789 -2797. 

ccrc-3-phosphocholine (LPC) were obtained as described previously Cullis.P.R. aiid De Kruijff.B. (1979) Biochim. Biophys. Acta, 559, 

(Killian etai. 1986). All lipids were judged pure from HPTLC using 399-420. 

chloroform/rncthanol/waier/ammonia (68/28/2/2, by voDaseluens. Etvli De Kruijff.B. (1987) Nature, 329. 587-588. 

lipids were isolated as described before (Batenburg et al, 1988b) from a De Kruijff.B.. Cullis.P.R.. Verkleij.A.J., Hope.M.J., Van Echteld,CJ.A. 

culture of E.coli SD12 cells, grown at 37°C and harvested at the late and Taraschi.T.F. (1985) In Martonos.A.N. (ed.), The Enzymes of 

logarithmic phase. The amount of lipids was quantified on the basi« of the Biological Membranes (2/ided.) Vol. I, Plenum Press, NY. pp. 131 -20*. 

phosphate content of the total lipid extract according to Rouser et at. ( 1975). De Vrije.T., De Swart.R.L., Dowhan.W., TommassenJ. and De Kruijff.B. 

All solvents and other reagents were of analytical grade. (1988) Nature. 334. 173-175. 

Emr.S.D. and Silhavy.T.J. (1983) Proc. Natl Acad. Set. USA. 80. 

Sample preparation 4599-4603. 

Lipid dispersions were prepared by lyophilizing nuxtures of DOPE (15 /imol) Geller.B.L. and Wickner,W. ( 1985) J. Biol. Chem. . 260, 13281 - 13285. 

and DOPG (5 /imol) or 20 pmot of E.coli lipids, from 1 ml benzene, followed Gierasch.L.M. (1989) Biochemistry, 28, 923 -930. 

by hydration in 1 ml 100 mM NaCI, 10 mM PIPES. 0.2 mM EDTA buffer. Killian,J.A. and De Kruijff.B. (1986) Chem. Phys. Lipids. 40, 259 -284. 

pH 7.4. The lipid mixtures were allowed to swell for 1 h at room temperature Killian .J. A., Van den Berg.C.W.. Toumois.H.. Keur.S.. Slotboom.A., Van 

and then subjected to a minimum of five cycles of freeze-thawing. Scharrenburg.G.J.M. and De Kruijtf.B. (1986) Biochim. Biophys. Acta. 

All peptides were first dissolved in trifluoroacetic acid in a concentration 857, 13-27. 

of 50 mg/ml and then dried under a stream of N 2 . Next, 5 mM stock Kusters,R., De VrijeX, Breukink.E. and De Kruijff.B. (1989) J. Biol. 

solutions of the peptiaes were prepared in trifluoroethanol (TFE) which were Chem. . 264, 20827-20830. 

used as such or which prior to addition to the lipid dispersion were diluted, Lindblom.G. (1989) Biochim. Biophys. Acta, 988, 221 -256. 

such that each sample composed of DOPE and DOPG contained 2 vol % Madden ,T.D. and Cullis.P.R. (1982) Biochim. Biophys. Acta. 684. 

of TFE wherecs to all E.coli lipid samples o total of 4 voi% of TFE was 149 - 1 53. 

added. Increasing the amount of TFE to 4 vol% in these former samples Nagaraj.R.. Joseph.M. and Reddy.G.L. (1987) Biochim. Biophys. Acta, 

did not affect me results. The peptide was added slowly, using a Hamilton 903,465 -472. ; _ 

syringe. 1 and under gentle stirring to the lipid dispersion in a 5 ml polyethylene Nesmeyanova. M . A . (1 982) F BBS Lett. . 142 , 1 89 — 1 > 3 . - - • 

vial. The sample was then transferred to a 10 mm NMR tube'ahd incubated Ohno-Iwahita. Y. arid Wickner.W. (1983) J. Biol. Chem., 258, 1895 - i JQf.i: \" 

^'\/at'*30;C;for^2-h:^!P'NMR spectra were recorded at 30X as described . Rappport,T:A^( 1986) CRC Crit Rev. Biochem.. 20. 73— 137/ ' ^ ^ 

: -^Hv'^^^:^ \ p I-:..; Reddy;G:UaW^^ 

jv'lfi^^vf i-. ; : : Rouser,G : .-,fEieiscl^ 

''£tf- 3 !P#^ • \ , ■>;" .>i -.I'*: '/ . ^ " % S,i\-'l- 

; ll P NMR experiments were carried out as described teforeXChupin^o/. : - 
i987);on a -Bniker MSL 300 spectrorneter at{j-2 1.4'MHz. Pribi 'to rjourier ; 
; : ; ; : tramforniatiori an ex^nential ; mulliplicaticHt wai applied to 2000 accumulated 

^Lfree:inductipn: - becay , s, , resultingjn.a.;! Q0 : HzJinebroadeningi (Percentages;-! 

>> v^-^^^ — bilayer signals were' obtained by. sub^cuprfwim^an estimated - :? t ^Von li>> • j*^^ : N^ T ^ 

* *' 7 maximal error of 5%. All' spectra were scaled to the same[heighi Sf the, ; , * v . Watanabe ;M;^ and ' BIbbel Xj . ( 1 989) ' Proc. Natl. Acad. Sci: USA , a £6, ^ * 
v" :; - largcst ; peak VINb changes in total ' intensity were observed] upon addition / ' : *i ^ '895 --t 899! ^> * V: * * % \ J. S •'. . 'r-> ' \ ; ' *- f, 1 : i" 

^^:^of'the ; :^c\ide^!; \ -V;^ *'>\ ^ Hr ^ : V >^ KI? '' v ^' ; *^ v 





■> v microscope. i( y 
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A basic peptide derived from human immunodefi- 
ciency virus (HIV)-1 Tat protein (positions 48-60) has 
been reported to have the ability to translocate through 
the cell membranes and accumulate in the nucleus, the 
characteristics of which are utilized for the delivery of 
exogenous proteins into cells. Based on the fluorescence 
microscopic observations of mouse macrophage 
RAW264.7 cells, we found that various arginine-rich 
peptides have a translocation activity very similar to 
Tat-(48-60). These included such peptides as the D-a- 
mino acid- and arginine-substituted Tat-(48-60), the 
RNA-binding peptides derived from virus proteins, such 
as HIV-1 Rev, and flock house virus coat proteins, and 
the DNA binding segments of leucine zipper proteins, 
such as cancer-related proteins c-Fos and c-Jun, and the 
yeast transcription factor GCN4. These segments have 
no specific primary and secondary structures in com- 
mon except that they have several arginine residues in 
the sequences. Moreover, these peptides were able to be 
internalized even at 4 °C. These results strongly sug- 
gested the possible existence of a common internaliza- 
tion mechanism ubiquitous to arginine-rich peptides, 
which is not explained by a typical endocytosis. Using 
(Arg)„ (n = 4-16) peptides, we also demonstrated that 
there would be an optimal number of arginine residues 
(n ~ 8) for the efficient translocation. 



Recently, methods have been developed for the delivery of 
exogenous proteins into living cells with the help of membrane- 
permeable carrier peptides such as HIV-1 1 Tat-(48-60) and 
Antennapedia-(43-58) (1-11). By genetically or chemically hy- 
bridizing these carrier peptides, the efficient intracellular de- 
livery of various oligopep tides and proteins was achieved. One 
of the most amazing examples is the Tat-/3-galactosidase fusion 
protein (4), which has a molecular mass as high as 120 kDa. 



* This work was supported by grants-in-aid for scientific research 
from the Ministry of Education, Science, Sports and Culture of Japan 
and in part by the Mochida Memorial Foundation for Medical and 
Pharmaceutical Research. The costs of publication of this article were 
defrayed in part by the payment of page charges. This article must 
therefore be hereby marked "advertisement" in accordance with 18 
U.S.C. Section 1734 solely to indicate this fact. 

§To whom correspondence should be addressed. Tel.: 81-774-38- 
3211; Fax: 81-774-32-3038; E-mail: futaki@scl.kyoto-u.ac.jp. 

1 The abbreviations used are: HIV, human immunodeficiency virus; 
HTLV-II, human T-cell lymphotrophic virus type-II; BMV, brome mo- 
saic virus; FHV, flock house virus; HPLC, high performance liquid 
chromatography; PBS, phosphate-bufiered saline; MTT, [3-(4,5-dimeth- 
ylthiazol-2-yl)-2,5-<iiphenyl-2H-tetrazolium bromide; EMCS, N-iS-ma- 
leimidocaproyloxyjsuccinimide ester; NLS, nuclear localization 
sequence. 



Intraperitoneal injection of the protein resulted in delivery of 
the protein with 0-galactosidase activity to various tissues in 
mice, including the brain. The peptide-mediated approaches 
would allow the incorporation of peptides containing unnatural 
ammo acids or nonpeptide molecules such as fluorescence 
probes. These methods would become powerful tools not only 
for therapeutic purposes as an alternative to gene delivery, but 
also for the understanding of the mechanisms behind funda- 
mental cellular events, such as signal transduction and gene 
transcription. 

Besides the potential of Tat-(48-60) as a protein carrier, the 
internalization mechanism of the peptide attracted our inter- 
est. For example, Tat-(48-60) (GRKKRRQRRRPPQ) i s a 
highly basic and hydrophilic peptide, which contains 6 arginine 
and 2 lysine residues in its 13 amino acid residues. However, 
the peptide was reported to be translocated through the cell 
membranes in 5 min at a concentration of 0.1 /am (2). Internal- 
ization of the peptide was not inhibited even at 4 °C. The 
peptide is less toxic to cells than other basic membrane-inter- 
acting agents. The above features suggested that the internal- 
ization mechanism of Tat-(48-60) was completely different 
from the typical transmembrane mechanisms reported so far. 
Questions arise as to whether such an efficient translocation is 
specific for Tat-(48-60) and Antennapedia-(43-58) peptides 
and what is the mechanism of the highly efficient internaliza- 
tion. Based on experiments using synthetic peptides, we sug- 
gest the possible presence of a very similar translocation mech- 
anism to Tat-(48-60) present among the various arginine-rich 
peptides. We also suggest the possible existence of the optimum 
chain length of arginine peptides for the internalization. 

EXPERIMENTAL PROCEDURES 

Peptide Synthesis and Fluorescent Labeling— All the peptides used in 
this study were chemically synthesized by Fmoc (9-fluorenyImethyioxy- 
carbonyD-solid-phase peptide synthesis on a Rink amide resin as re- 
ported previously (12). Fluorescent labeling of the peptides was con- 
ducted by the treatment with 1.5 eq of 5-maleimidouuorescein diacetate 
(Sigma) in dimethylformamide-methanol (1:2) for 3 h followed by re- 
verse-phase HPLC purification. The fidelity of the products was ascer- 
tained by time-of-flight mass spectrometry. 

Conjugation of Carbonic Anhydrase with Basic Peptides— Carbonic 
anhydrase in phosphate-bufTered saline (PBS) was simultaneously 
treated with fluorescein-5(6)-carboxamidocaproic acid AT-hydroxysuc- 
cinimide ester (Sigma) and AM6-maleimidocaproyloxy)succinimide es- 
ter (Dojin) (15 eq, each) at room temperature for 1 h to introduce the 
fluorescein and the maleimide function to the protein. After the removal 
of the unreacted reagents by gel-filtration on a Sephadex G-25 (Amer- 
sham Pharmacia Biotech) column, the cysteine of the respective argin- 
ine-rich peptides was allowed to react with the maleimide moiety on the 
above fluorescein-labeled protein at room temperature for 16 h, and 
then the unreacted peptides were removed by gel-filtration. Based on 
the molecular weight estimation by SDS-polyacrylamide gel electro- 
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phoresis, one or two molecules of basic peptides and fluorescein per 
protein were incorporated, respectively. 

Cell Culture—Mouse macrophage RAW264.7 cells were maintained 
in RPMI 1640 medium with 10% heat-inactivated fetal bovine serum. 
Cells were grown on 60-mm dishes and incubated at 37 "C under 5% 
C0 2 to -70% confluence. A subculture was performed every 3-4 days. 

Peptide Internalization and Visualization—For each assay, 4 x 
10 4 /ml cells were pelleted on a eight-well Lab-Tek-II chamber slide 
(Nalge Nunc) (250 jmVwell) and cultured for 16 h. After complete adhe- 
sion, the culture medium was exchanged. The cells were incubated at 
37 °C for 3 h with the fresh medium (250 jd) containing fluorescein- 
labeled peptides or proteins. The concentrations of the peptides and 
proteins were adjusted before addition to the cell based on their fluo- 
rescent intensity. Cells were washed three times with PBS, fixed with 
acetone-methanol (1:1) for 2 min at room temperature, washed three 
times with PBS again, and then mounted in fluorescent mounting 
medium containing 15 mM NaN 3 (Dako). The distribution of fluorescein- 
labeled peptides was analyzed on a Zeiss Axioskop fluorescence micro- 
scope using a 100 x oil immersion lens. 

Confocal Microscopy—Cells were grown, incubated with proteins, 
and fixed basically as described above. Cells were then treated with 
PBS containing 5 jim propidium iodide (200 id) at room temperature for 
30 min, washed four times with PBS, and mounted in glycerol:PBS (9:1) 
containing 1% p-phenylenediamine dihydrochloride. Data were ob- 
tained using a confocal scanning laser microscope MRC 1024 (Bio-Rad) 
equipped with a 60x oil immersion lens or LSM 510 (Zeiss) equipped 
with a 40 X lens. 

MTT Assay — The MTT assay was conducted basically in the same 
manner as reported previously (2). Cells (1 x lOVwell) were cultured in 
96-microtiter plates in RPMI 1640 medium with 10% heat-inactivated 
fetal bovine serum in the presence of peptides (HIV-1 Tat-(48-60)* 
GRKKRRQRRRPPQ-amide; R 9 -Tat: GRRRRRRRRRPPQ-amide; HIV-1 
R ev -(34-50): TRQARRNRRRRWRERQR-amide; FHV coat-(35-49)- 
RRRRNRTRRNRRRVR-amide) at 10 or 100 m m. Cells were incubated at 
37 °C under 5% C0 2 for 24 h before addition of MTT (Sigma, 5 mg/ml in 
PBS) for 4 h. The precipitated MTT formazan was dissolved overnight 
in 0.04 N HC1 in isopropanol (100 ,zl). The absorbance at 570 nm was 
then measured. Cell viability was expressed as the ratio of the A 570 of 
cells treated with peptide over the control samples. 

RESULTS 

Uptake of Tat-(48-60) Analogs by the Macrophage Cell— To 
obtain insight into the translocation mechanisms of the Tat- 
(48-60) peptide, Tat-(48-60), its D-amino acid-substituted an- 
alog (r>Tat) and arginine-substituted analog (R 9 -Tat), where 
residues corresponding to positions 49-57 were replaced with 
arginine, were synthesized (Fig. la). An extra cysteine amide 
was incorporated into the C terminus of each peptide for the 
fluorescent labeling. The peptides corresponding to nuclear 
localization sequences (NLS) derived from simian virus 40 (13) 
and nucleoplasms (14) were also synthesized as references. 
Treatment of the peptides with 5-maleimidofluorescein diac- 
etate gave the corresponding fluorescein-labeled peptides. In- 
ternalization of the peptides was monitored by fluorescence 
microscopic observation after a 3-h incubation of the peptides 
with mouse macrophage RAW 264.7 cells at 37 °C. As a result, 
D-Tat and Rg-Tat were internalized into the cell as efficiently as 
the Tat-(48-60) peptides, and localization into both the cyto- 
plasm and nucleus was observed (Fig. 2). A similar internal- 
ization of the D-amino acid analog of Tat was reported by Huq 
et al. (15) using a linear peptide corresponding to residues 
37-72. These results would contradict the idea that a specific 
receptor may play a crucial role in the translocation of the 
Tat-(48-60) peptide. On the other hand, the simian virus 40- 
derived and nucleoplasmin-derived peptides showed a much 
lower degree of internalization. These NLS-derived peptides 
are rich in lysine. The above results suggested that arginine 
residues would play an important role in the translocation. 

Translocation of Various Arginine-rich Nucleic Acid-binding 
Peptides through the Macrophage Cell Membranes — Arginine- 
rich basic segments are used by a variety of RNA-binding 
proteins to recognize specific RNA structures (16). If arginine 
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Fig. 1. Structure of arginine-rich peptides used in this study. 
C-terminal cysteine amide (C*) was fluorescein-labeled for monitoring 
the internalization of the peptides by fluorescence microscopy. D-Amino 
acids are denoted in italics. Cysteine residues corresponding to posi- 
tions 154 and 269 in c-Fos and c^Jun were replaced by serine 
respectively. ' 




Fig. 2. Translocation of the arginine-rich Tat-related peptides 
through the cell membranes. RAW264.7 cells were treated with 
fluorescein-labeled peptides derived from HIV-1 Tat-(48-60) (a), R 9 -Tat 
(b), D-Tat (c), and nucleoplasm in-NLS (d) (10 /xm each) for 3 h.' 

in the sequence plays an important role in the translocation, 
peptides corresponding to these RNA-binding segments may 
translocate through the cell membranes. To test this hypothe- 
sis, 10 arginine-rich RNA-binding peptides bearing a C-termi- 
nal Gly-Cys-amide (Fig. 16) were similarly prepared, fluores- 
cein-labeled, and applied to the macrophage cells. 

To our surprise, all the peptides other than the human 
U2AF-(142-153) peptide translocated through the cell mem- 
branes and accumulated in the cytoplasm and nucleus (Fig. 3). 
As judged from the fluorescent intensity, the efficiency of in- 
corporation into the cells showed a tendency to correspond to 
the number of arginine residues in the sequence. Internaliza- 
tion activity of the HIV-1 Rev-(34-50), FHV coat-(35-49), 
HTLV-n Rex-(4-16), and BMV Gag-(7-25) peptides, which 
have more than seven arginine residues in their sequences, 
were comparable with that of the Tat-(48-60) peptide. Fluo- 
rescence was observed in the cells as early as 5 min after the 
addition of these peptides (1 jxm) to the medium. Less extensive 
internalization was observed in the case of the A N-Q-22), </>21 
N-(12-29), and yeast PRP6-(129-144) peptides that have five 
arginine residues in their sequences. The fluorescent intensity 
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Fig. 3. Difference in the translocation efficiency in the argi- 
nine-rich RNA-binding peptides after treatment of RAW264.7 
cells with the fluorescein-labeled peptides derived from HIV-1 
Rev-(34-60) (a), P22 N-U4-30) (6), and AN-(l-22) (c) (10 each) 
for 3 h. 



in the cells treated with the former peptides (0.1 /am) was 
judged not to be less than that in those treated with the latter 
peptides (10 ^m). The P22 N-Q4-30) and cowpea chlorotic 
mottle virus Gag-(7-25) peptides that have six arginine resi- 
dues showed a moderate degree of translocation. HIV-1 Tat- 
(48-60) is reported to translocate through the cell membranes 
and accumulate in the nucleus, especially the nucleolus (2). A 
similar tendency was observed with the above peptides. Not 
only the RNA-binding peptides but also the DNA-binding pep- 
tides corresponding to the basic leucine zipper segments de- 
rived from cancer-related proteins, c-Fos and c-Jun, and the 
yeast transcription factor, GCN4, which were also rich in argi- 
nine (Fig. lc), were internalized into the cells with almost the 
same efficiency as that of Tat-(48-60) (Fig. 4). 

HIV-1 Tat-(48-60) was reported to induce little toxicity to 
HeLa cells (2). Using R 9 -Tat, HIV-1 Rev-(34-50), and FHV 
coat-(35-49) peptides as representatives of the above arginine- 
rich peptides, cytotoxicity of the peptides was investigated. 
Determined by the MIT assay, the above peptides did not show 
a significant cytotoxicity to the macrophage cells during the 
treatment with a peptide (10 pu) for 24 h. At 100 ^m, cell 
viability of the cells treated with Rg-Tat became 70%, whereas 
viability of those treated with other peptides as well as HIV-1 
Tat-(48-60) was still greater than 95%. These results sug- 
gested that many of the arginine-rich peptides can be of low 
cytotoxicity as reported for the HIV-1 Tat-(48-60) peptide. 

Consideration of the Translocation Mechanism of the Argin- 
ine-rich Peptides— The above experiments showed that a vari- 
ety of arginine-rich RNA/DNA-binding peptides were able to 
translocate through the cell membranes. Little homology in 
these sequences was observed, except that they all have 5-11 
arginine residues. Moreover, the D-amino acid substituted Rev- 
(34-50) peptide (1 /am) was internalized as efficiently as the 
L-peptide in 3 h (data not shown). Circular dichroism (CD) 
spectra of the HTV-1 Tat-(48-60), Rg-Tat, and FHV coat-(35- 
49) peptides in methanol were suggestive of their not having a 
significant secondary structure (Fig. 5), whereas the HIV-1 
Rev-(34-50) peptide showed a spectrum typical of an a-helical 
peptide. The U2AF peptide, which was only slightly internal- 
ized into the cell, showed a spectrum very similar to that of the 
FHVcoat-(35-49) peptide. These results were suggestive of the 
absence of even a common secondary structure in the mem- 
brane-permeable peptides. When the cells were incubated with 
a peptide (1 /am) at 4 °C for 30 min, no significant decrease in 
fluorescent intensity in the cell was observed using the HIV-1 
Rev-(34-50), and FHV coat-(35-49) peptides (Fig. 6). These 
results suggested that typical endocytosis pathways so far es- 
tablished would not play a crucial role in the translocation of 
these arginine-rich peptides. 

We next focused on the question whether the entry of argi- 
nine-rich peptides into the cells is one-way or not. The cells 
were treated with the HTV-1 Rev-(34-50) peptide (1 /am) for 3 h, 
then the medium was exchanged with a fresh one not contain- 
ing the peptide. The fluorescence intensity from the cells 1 h 
later was almost comparable with or only slightly less than 
that of the cells just before the medium exchange. However, a 





Fig. 4. Translocation of DNA-binding peptides through the 
cell membranes. RAW264.7 cells were treated with the fluorescein- 
labeled peptides derived from human c-Jun-(252-279) (a) and veast 
GCN4-(231-252) (6) (1 m m each) for 3 h. * 




220 240 260 280 300 

Wavelength (nm) 

Fig. 5. CD spectra of the arginine-rich peptides in methanol. 
HIV-1 Tat-(48-60) (55 m m) (square), R 9 -Tat (52 m m) (diamond) FHV 
coat-(35-49) (43 m m) (upward triangle), HIV-1 Rev-(34-50) (39 llm) 
(circle), and human U2AF-( 142-153) (61 m m) (downward triangle) 





Fig. 6. Effect of temperature on HIV-1 Rev-(34-50) peptide 
internalization. The cells were incubated with the peptide (1 fiM) for 
30 min at 4 °C or at 37 In the former case, the cells were preincu- 
bated at 4 °C for 1 h before addition of the peptide. All the following 
procedures were also conducted at 4 °C until the completion of the 
fixation. 



substantial decrease in the fluorescence intensity was recog- 
nized in the cells 6 h later, and complete disappearance of the 
fluorescence was observed 24 h later. To examine if the above 
results were due to the leakage of the peptide from the cells, the 
medium was analyzed by an HPLC equipped with a fluores- 
cence spectrophotometer. No peak was detected at the reten- 
tion time corresponding to the peptide; however, peaks were 
observed that eluted at positions identical with those of the 
peptide treated with trypsin (data not shown). Therefore, we 
concluded that the decrease in fluorescence intensity of the 
cells mainly resulted from the degradation of the peptides, and 
not from the leakage of the intact peptide. The question 
whether the ingested peptide had a certain effect on the cell 
growth was also examined. The above HIV-1 Rev-(34-50)- 
treated cells were harvested 24 h later and counted. The cell 
number for the peptide- treated cells was comparable with that 
for the control cells (without peptide treatment). Thus, the 
peptide-ingesting cells were judged to remain viable to divide 
with little effect by the peptide. It would be plausible that the 
peptide evenly distributes in each of the daughter cells upon 
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Fig. 8. Fluorescence microscopic observation of the cells treated with polyarginine peptides (1 mm) for 3h(A) and rrmf«™i 
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cell division, since significant differences in the florescence 
intensity were not observed among the adjoining cells 6 h later. 
Considering the doubling time of the cell, which was estimated 
to be about 18 h, a certain amount of cells must have divided 
within the 6 h. If the peptides would preferentially stay in one 
of the daughter cells upon cell division, a certain discrepancy in 
the fluorescence intensity will be observed among the adjacent 
cells. However, further study will be necessary to adequately 
address this question. 

Applicability of the Arginine-rich Peptides to the Intracel- 
lular Protein Delivery— To examine the applicability of the 
above basic peptides as protein carriers, we prepared basic 
peptide-protein conjugates. Carbonic anhydrase (29 kDa) was 
selected as a model protein. Basic peptide-carbonic anhy- 
drase conjugates were prepared using 7V-(6-maleimidocaproy- 
loxy)succinimide ester (EMCS) as a cross-linking agent (17) 



(Fig. 7A). A fluorescein moiety was introduced into the pro- 
tein using the fluorescein-5(6)-carboxamidocaproic acid N- 
hydroxysuccinimide ester simultaneously with EMCS. As 
judged from the SDS-polyacrylamide gel electrophoresis of 
the conjugates, one to two molecules of the basic peptide and 
fluorescein moiety were introduced into a molecule of car- 
bonic anhydrase, respectively. Carbonic anhydrase was suc- 
cessfully delivered into the cells with the help of the HIV-1 
Rev-(34-50), FHV coat-(35-49), and Rg-Tat peptides as effi- 
ciently as with the HIV-1 Tat-(48-60) peptide (Fig. IB). 
Accumulation of the conjugates in the cytosol and nucleus 
was also observed by fluorescence microscopy of the cells 
without fixation (Fig. IB). Confocal microscopic analysis of 
these conjugates demonstrated both cytoplasmic and nuclear 
localization and not just attachment to the cellular mem- 
branes (Fig. 7C). On the other hand, fluorescein-labeled pro- 
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tein without a carrier peptide was located in a limited part of 
the cytosol (Fig. 7C). This result suggested that the protein 
was captured in the endosomes and was not able to be re- 
leased into the cytosol. Myoglobin (17 kDa) was also intro- 
duced into the cell with the help of these carrier peptides 
(data not shown). 

Effect of the Length of Arginine Chain on the Internaliza- 
tion— The above data strongly suggested the importance of 
arginine residues in the internalization. The possible existence 
of the unique internalization mechanism common in these argi- 
nine-rich peptides was also suggested. We then examined the 
effect of the number of arginine residues in the sequences. For 
simplification, peptides that are composed of 4-16 residues of 
arginine were prepared (Fig. Id). To their C termini, the Gly- 
Cys-amide segment was also attached for the fluorescein label- 
ing. These results are shown in Fig. 8A. Considerable differ- 
ence was recognized on the translocation efficiency and 
intracellular localization among these peptides. R 4 showed ex- 
tremely low translocation activity. Rq and R 8 exhibited the 
maximum internalization and accumulation in the nucleus. 
What is interesting is that the degree of internalization de- 
creased as the chain length further increased. For the R 16) 
internalization of the peptide was not significant. The same 
kind of difference was recognized in the experiments using the 
conjugates of carbonic anhydrase with the arginine peptides 
(Fig. SB). A similar tendency was observed on the protein 
delivery using R 8 and R 1G as the carrier molecules. Based on 
the confocal laser microscopic observations, the R 8 -carbonic 
anhydrase conjugate was efficiently internalized into the 
macrophage cells and accumulation in the nucleus was ob- 
served as was seen in the case of the HIV-1 Rev-(34-50) con- 
jugate. In contrast, the R 16 -conjugate seemed to mainly reside 
on the cell membranes after a 3-h incubation with the conju- 
gate, but significant accumulation in the nucleus was not 
observed. 

DISCUSSION 

In this report, we have shown that not only Tat-(48-60) but 
also various arginine-rich peptides were able to translocate 
through the mouse macrophage membranes. These peptides 
include the d- and arginine-substituted HIV-1 Tat-(48-60) an- 
alogs, RNA-binding peptides derived from proteins, such as 
HIV-1 Rev, HTLV-II Rex, BMV Gag, and FHV coat proteins, 
and the DNA-binding segments from c-Fos, c-Jun, and the 
GCN4 proteins. There seems a common or very similar mech- 
anism for the internalization among these peptides. The mech- 
anism is explained neither by adsorptive-mediated endocytosis 
nor by receptor-mediated endocytosis because the peptides 
were internalized by the cell at 4 °C, and there seemed little 
homology both in the primary and secondary structures among 
these membrane-permeable peptides except that they have 
several arginine residues in the sequences. These results 
strongly suggest the possible presence of the common and 
undefined internalization mechanisms ubiquitously laying 
among the arginine-rich basic peptides. As one more new find- 



ing concerning the features of the internalization, we have 
shown that the number of arginine residues has a significant 
influence on the method of internalization and that there 
seems to be an optimal number of arginine residues for the 
internalization. There still remain questions why such efficient 
translocation is possible for the arginine-rich peptides. Possible 
hydrogen bond formation of arginine with lipid phosphates (18) 
or interaction with extracellular matrices such as heparan 
sulfate (19) may be involved in the initial step during the 
mechanism. However, as was seen in the case of the R 16 pep- 
tide, it is not enough to explain the mechanism only by consid- 
ering adsorption of peptides on the membranes. 

Tat-(48-60) has been reported to carry various proteins into 
the cells not only into cultured cells but also into the various 
organs of a living mouse (4). As the arginine-rich peptides 
examined here seem to have a similar ability as carriers of 
proteins, further study of the arginine-based peptides may 
result in finding peptides penetrating to some specific cells by 
themselves or with the help of other address peptides. 

The results obtained here not only shed light on the possible 
presence of new types of ubiquitous transmembrane mecha- 
nisms for the arginine-rich peptides, but also on the develop- 
ment of novel carrier molecules for the intracellular protein 
delivery. 
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Abstract 

Earlier studies have shown that fibroblast growth factor (FGF)-1 in the brain regulates feeding behavior. |n the present study 
,oo uZ£ tZslZ singly suppressed by an infusion into the lateral cerebroventricle of a synthefc pept.de (26 ammo «**» 
STon^ localization sequence (NLS) of FGF-1 and a 

seauence When the NLS motif in the peptide was destroyed by mutations of two lysine residues the mutant P°P™ ™ ~ 
2?3w^ results suggest that the NLS of FGF-1 plays an important role in FGF-1 -induced feeding suppression and they 
SducTa'novel compound for feeding regulation. © 1998 Elsevier Science Ireland Ltd. All nghts reserved 

Keywords: Eating; FGF-1; Nuclear localization sequence; Water intake; Rat 



Fibroblast growth factors (FGFs) were originally identi- 
fied as mitogens for fibroblasts and endothelial cells in cul- 
ture, but they are now recognized to be multipotent 
regulators of many pathophysiological events. Many FGF 
family members, including FGF-1 (acidic FGF) and FGF-2 
(basic FGF), are present throughout the central nervous 
system, and they have diverse effects in the brain. They 
have neurotrophic effects on many types of neurons 
[1,18], enhance long-term potentiation in the hippocampus 
[16,17] and facilitate learning and memory [8], and regulate 
feeding behavior [13]. Studies have shown that FGF-1 and 
FGF-2 are endogenous satiety substances in the brain. The 
FGF-1 and FGF-2 concentration in rat cerebrospinal fluid 
was dramatically increased by either food intake or an intra- 
peritoneal (i.p.) glucose injection [4], while a third ventricle 
(3V) injection of FGF-1 or -2 significantly suppressed rat 
food intake [2,4,15]. This FGF-induced feeding suppression 
has been shown to be due to an inhibition of the activity of 
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glucose-sensitive neurons in the lateral hypothalamic area 
(LHA)[13]. 

Although the FGF receptor (FGFR), FGFR-1, found on 
the LHA neurons plays a critical role in this feeding inhibi- 
tion [7], studies with synthesized FGF-1 fragments have 
indicated that small peptide fragments containing the N- 
terminus of FGF-1, such as FGF-1-(1-15), [Ala 16 ]FGF-l- 
(1-29), [Ser 16 ]FGF-l-(l-29), and [Glu 16 ]FGF-l-(l-29), 
also inhibit food intake when infused into the 3V of rats 
[7,15]. Such inhibition is not observed with the C-terminal 
fragment, FGF- 1-(1 14-140). As these N-terminal small 
peptides are unlikely to bind to FGFR (to judge from pre- 
vious studies), it is possible 4hat part of the FGF-induced 
feeding inhibition is exerted tfifough an FGFR-independent 
mechanism. Interestingly, the N-terminus of FGF-1 con- 
tains a nuclear localization sequence (NLS) (FGF-l-(7- 
13) in Fig. 1) that has been shown to be important for the 
mitogenic activity of FGF-1 [5]. An FGF-1 mutant that 
lacks the NLS fails to induce DNA synthesis and cell pro- 
liferation at concentrations sufficient to induce intracellular 
receptor-mediated tyrosine phosphorylation and c-fos 
expression [5]. Furthermore, a recent study demonstrated 
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that synthetic peptides containing both this NLS and a cell 
membrane-permeable sequence had the potential to stimu- 
late DNA synthesis in an FGFR-independent manner after 
they were delivered into living NIH 3T3 cells [9]. In the 
present study, we investigated the effect on food intake 
exerted by a synthetic peptide (a 26 amino acid peptide, 
named SA peptide, which contains both the NLS of FGF- 
1 and a cell membrane-permeable sequence). 

All the animals received humane care according to NIBH 
standard protocol. Male Wistar rats (Clea, Japan) weighing 
from 250-300 g were used. The rats were maintained in 
individual cages with a 12:12 h light-dark cycle (lights on 
at 0700 h) at a room temperature of 24-25°C. Powdered 
food (Rat chow, CE-2, Clea, Japan) and tap water were 
given ad libitum except between 1800 and 1900 h. Under 
pentobarbital sodium anesthesia (50 mg/kg, Lp.), a 23- 
gauge stainless steel guide cannula (15 mm long) was 
implanted into the left lateral cerebroventricle (LCV) 
according to a rat brain atlas (A: -0.6; L: 1.4; H: 3.8-4.0 
mm) [14]. Synthetic peptides (as shown in Fig. 1) and 
recombinant human FGF-1 (R&D Systems, USA) were 
used. They were dissolved in 0.15 M NaCl containing 50 
/ig/ml heparin and 1 mg/ml bovine serum albumin. After 1 
week recovery from the implantation, food and water 
intakes in the nighttime (1900-0700 h) and daytime 
(0700-1800 h) periods were measured every day. After an 
injection of 5 ^1 FGF-1 or peptide into the LCV (via a 
Hamilton syringe and within a 5-min period between 1830 
to 1900 h), the changes in food and water intakes (between 
those on the infusion day and those on the last preinfusion 
day) were compared in order to elucidate the effect of FGF 
components on feeding and drinking behavior. After the 
experiments, the cannula site was determined in histologi- 
cally stained 50 /xm coronal brain slices after an LCV infu- 
sion of pontamine sky blue (2%, 5 /xl) [7], Only rats in 
which the cannula was inserted directly into the LCV 
were used for the data analysis. All results are expressed 
as the mean ± SEM The statistical analysis was performed 
using a one-way analysis of variance (ANOVA) followed 
post-hoc by Fisher's protected least significant difference 
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Fig. 1. Structure of the N-terminus of FGF-1 and its related peptides 
(as used in the present study). The cell membrane-permeable hydro- 
phobic sequence is underlined, the NLS of FGF-1 is double under- 
lined, and the residues mutated in the NLS are indicated by 
asterisks. 
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Fig. 2. Effect of an LCV infusion (13 pmol/5 p\ per rat) of FGF-1 or its 
related peptides prior to the dark period on food intake in rats. The 
changes in the nighttime and daytime food intakes between the infu- 
sion and last preinfusion days are shown (mean ± SEM). *P < 0.01; 
**P < 0.001 (vs. saline group); one-way ANOVA followed post-hoc 
by Fisher's PLSD test (n = 4-12 rats in each group). 

(PLSD) test. Differences were considered to be significant 
if P < 0.05. 

Using the cell membrane-permeable import method 
[9,10], we synthesized several FGF-1 -related peptides 
(Fig. 1). Among these peptides, SA peptide is composed 
of 26 amino acids, and contains both a cell membrane- 
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Fig. 3. Body weight changes (vs. that on the last preinfusion day) 
following an FGF-1 or peptide infusion. FGF-1 or a related peptide 
(13 pmol/5 fi\ per rat) was injected prior to the dark period as indi- 
cated by the arrow. *P < 0.01; **P < 0.001 (vs. saline group); one- 
way ANOVA followed post-hoc by Fisher's PLSD test (n = 4-12 rats 
in each group). 
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permeable sequence (16 amino acids) and the NLS of FGF-1 
|7 amino acids) separated by a spacer (Ala-Ala-Ala). As 
control peptides, SB peptide (26 amino acids), which is 
identical to SA peptide except that two lysine residues in 
the NLS of SA peptide are mutated into two glutaminic 
acids, S peptide (19 amino acids), which is identical to SA 
peptide except that it lacks the FGF-1 NLS, and NLS pep- 
tide (7 amino acids) were used in the present study. 
' Fig. 2 shows the changes in food intake between the 
infusion and last preinfusion days following an infusion of 
FGF-1 -related peptide or FGF-1 into the LCV in rats. 
One-way ANOVA indicated significant differences in both 
highttime and daytime food intakes (F(5,32) = 4.695, 3.980 
and P < 0.003, 0.007, respectively). SA peptide (13 pmol/ 
rat, n = 6), like FGF-1 (13 pmol/rat, n = 5), significantly 
inhibited the nighttime food intake when compared with 
the saline-infused (n 5= 12) rats (P < 0.01, 0.001, respec- 
tively). FGF-1 also suppressed the daytime food intake 
(P < 0.01). Body weight gain (Fig. 3) was found to be 
decreased by the infusion of SA or FGF-1 when measured 
24 h after the infusion (P < 0.01, P < 0.0001, respectively 
compared with the saline group). This feeding inhibition by 
SA peptide occurred in a dose-dependent manner (Fig. 4). 
The percentage inhibition by SA peptide of the nighttime 
food intake (vs. the last preinfusion day) was -26.6 ± 5.8% 
at 52 pmol (n = 3), -23.6 ± 7.0% at 13 pmol (n = 5), 
-16.5 ± 5.9% at 3.3 pmol (n = 7), and -5.3 ± 4.0% at 0 
pmol (saline group). However, SB peptide (n = 6), in 
which the NLS motif is destroyed, failed to suppress food 
intake (P > 0.8 and P > 0.2, respectively for nighttime and 
daytime food intakes). Even at a higher dose, SB peptide 
(130 pmol/rat, n = 3) had no effect on feeding (data not 
shown). The cell membrane-permeable sequence (S peptide 
in Fig. 1) itself had no effect on feeding (n = 5, P > 0.3 and 
P > 0.5, respectively for nighttime and daytime food 



On 




c 



-40 J 

1 1 1 r 1 1 1 

0 10 20 30 40 50 60 

Dose (pmol) 

Fig. 4. Dose-dependent suppression of rat food intake by LCV infu- 
sion of SA peptide. SA peptide (3.3, 13, 52 pmol/rat) or saline (5 y\I 
rat) was injected prior to the dark period. Ordinate, inhibition of the 
nighttime food intake (expressed as a percentage change relative to 
that on the last preinfusion day; n - 3-12 rats for each group). 



Table 1 

Change in water intake from the preinfusion level following an injec- 
tion of FGF-1 or its related peptides 



Treatment N Nighttime Daytime 



Saline 


12 


-0.31 ± 1.1 


1 .3 ± 0.7 


FGF-1 


5 


-12.3 ±2.1" 


-0.7 ± 1 .2 


SA 


6 


-8.4 ±3.1* 


1.2 ±0.7 


SB 


6 


-1.5 ±2.2 


1.2 ±1.3 


S 


5 


-4.9 ± 3.0 


1.0 ±0.4 


NLS 


4 


-5.2 ± 1.4 


0.8 ± 1.2 



Data are the mean ± SEM (ml). FGF-1 or a related peptide (13 pmol/ 
rat) or saline (5 ^l/rat) was injected into the lateral ventricle prior to 
the dark period. N, number of rats for each group. *P<0.01; 
**P < 0.001 compared with the saline group (one-way ANOVA fol- 
lowed post-hoc by Fisher's PLSD test). 



intakes). Thus, the present results indicate an important 
role for the NLS in FGF-1 on the feeding suppression 
induced by FGF-1. The FGF-1 NLS peptide at the same 
concentration did not affect food intake in the present 
study (n = 4, P > 0.9 and P > 0.7, respectively for night- 
time and daytime food intakes). This is consistent with the 
observation that the NLS peptide is not mitogenically active 
without the cell membrane-permeable sequence (A. Komi, 
unpublished data). 

Drinking behavior was also inhibited by the infusions. 
One-way ANOVA indicated a significant difference in the 
nighttime (F(5,32) = 4.696 and P < 0.003), but not in the 
daytime water intake (F(5, 32) = 0.635 and P > 0.6) 
among all the groups. As summarized in Table 1, an LCV 
infusion of SA peptide or FGF-1 significantly inhibited 
water intake in the nighttime when compared with saline- 
infusion (P < 0.01 and P < 0.001, respectively). These 
results are consistent with previous reports on FGF-1 and 
-2, and FGF-1 peptides [7,15]. However, it remains unclear 
whether this drinking suppression is a result of feeding inhi- 
bition or of a direct action on the mechanism regulating 
water intake [7,15]. 

Previous studies have shown that several peptides encom- 
passing the FGF-1 N-terminus inhibit food intake in rats 
when injected into the 3V [7,15]. However, their potency 
for inducing feeding suppression was only about 1/50 to 1/ 
200 of that of the wild-type FGF-1 [7,15]. The present study 
shows that by comparison with these peptides, SA peptide 
exerts a far stronger inhibitory effect on food intake. The 
potency with which SA peptide (13 pmol/rat) inhibited the 
nighttime food intake was 75JQ% of that of FGF-1 (13 pmol/ 
rat). As the cell membrane-permeable sequence itself had no 
effect on feeding (Fig. 2), this increased potency of SA 
peptide appears likely to be due to a more effective intra- 
cellular delivery of the FGF-1 NLS. It is intriguing to spec- 
ulate that the feeding suppressive activity of SA peptide is 
exerted through the same signaling pathway as that for the 
intracellularly localized FGF-1 protein. However, it is 
unclear at present whether the suppressive activity is speci- 
fic to FGF-1 NLS. An earlier study on the ability of SA 
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peptide to stimulate DNA synthesis in cultured fibroblasts 
revealed that other NLSs, such as those of v-Rel protein and 
of NF-kB p50 protein, also stimulated DNA synthesis when 
fused with a cell membrane-permeable sequence [10]. A 
preceding study showed that if the NLS in FGF-1 was func- 
tionally substituted by histone 2B NLS, the mitogenic activ- 
ity of FGF-1 was recovered [5]. Evaluation of peptides 
containing these NLSs for their feeding regulatory activity 
would expand our understanding of the feeding regulatory 
mechanism in the brain. The results further suggest that a 
cell membrane-permeable transport method may be a useful 
approach for carrying peptides into the cytoplasm both in 
vitro [9,10] and in vivo. 

The hypothalamus, especially the chemosensitive neu- 
rons in the LHA and ventromedial nucleus (VMH), is the 
most important site for feeding regulation [6,12]. The fol- 
lowing studies, taken together, strongly suggest that the 
target site in the brain for FGF-induced feeding suppression 
is the LHA: (1) when 125 I-FGF-1 or 125 I-FGF-2 was infused 
into the rat LCV, the cell bodies of LHA neurons, but not 
those of VMH neurons were labeled [3]; (2) the neuronal 
activity of glucose-sensitive neurons in the LHA was inhib- 
ited by electrophoretic application of FGF-1 through an 
activation of protein kinase C, while VMH neurons did 
not respond [13]; and (3) FGFR-1 is present in LHA neu- 
rons, but not in VMH neurons [11]. However, the target site 
for SA peptide is still unclear. The present observation that 
the feeding suppression induced by S A peptide has a similar 
time-course to that induced by FGF-1 suggests that the LHA 
may be the site of action of SA peptide. As S A peptide that 
has been injected into the LCV appears to diffuse widely 
throughout the hypothalamus, it seems likely that LHA neu- 
rons respond to the incorporated SA peptide more strongly 
than VMH neurons (or that VMH neurons do not respond at 
all to SA peptide), thus leading to an inhibition of feeding. 
However, this interpretation remains hypothetical and needs 
to be examined further. 

In summary, the present results strongly suggest that in 
addition to the FGF receptor-dependent pathway, an impor- 
tant role in FGF-1 -induced feeding suppression is per- 
formed by the NLS of FGF-1. The present study intro- 
duces a novel compound for feeding regulation, and predicts 
that the cell membrane-permeable transport method will be 
an effective approach for carrying peptides into the cyto- 
plasm in vivo. 
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Conformational and topological requirements of 
cell-permeable peptide function 
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Cell-permeable peptide import recently was developed to deliver synthetic peptides into living cells for studying 
intracellular protein functions. This import process is mediated by an N-terminal carrier sequence which is the 
hydrophobic region of a signal peptide. In this study, the conformational consequence of the interaction of cell- 
permeable peptides with different mimetic membrane environments was investigated by circular dichroism 
analysis. We showed that cell-permeable peptides adopted a-helical structures in sodium dodecyl sulfate (SDS) 
micelles or aqueous trifluoroethanol (TFE). The potency of these peptides in forming helical structures is higher 
in an amphiphilic environment (SDS) than in a hydrophobic environment (TFE), suggesting that some hydrophilic 
molecules associated with the cell membrane may be involved in peptide import. We also studied topological 
requirements of cell-permeable peptide function. We demonstrated that peptides containing the carrier sequence 
in their C-termini can also be imported into cells efficiently. This important discovery can avoid repetitious 
synthesis of the membrane-translocating sequence for peptides with different functional cargoes and is potentially 
useful for developing a cell-permeable peptide library. Finally, we showed that, when a retro version of the 
carrier sequence was used, the peptide lost its translocating ability despite retaining a high content of a-helical 
structure in mimetic membrane environments. This suggests that the propensity of peptides to adopt a helical 
conformation is required but not sufficient for cellular import and that other structural factors such as the side- 
chain topology of the carrier sequence are also important. Our studies together contribute to the more rational 
design of useful cell-permeable peptides. © Munksgaard 1998. 

Key words: cell -permeable peptide import; circular dichroism; membrane-translocating sequence; peptide delivery 



The newly developed method of cell-permeable pep- 
tide import is an easy and nondestructive method for 
introducing synthetic peptides into living cells (1). It 
has been used successfully to probe functionally rel- 
evant domains of intracellular proteins and to influence 
protein-protein interactions involved in signal transduc- 
tion pathways. Examples thus far include studies of the 
transcription factor-icB (1), fibroblast growth factor- 1 
(2), epidermal growth factor receptor (3), integrin 
receptor (4) and She adaptor protein (5). These studies 
have demonstrated unequivocally that the hydrophobic 
signal sequences can serve as efficient carriers for de- 



Abbreviations: CD, circular dichroism; DMEM, Dulbecco's modi- 
fied Eagle's medium; EGF, epidermal growth factor; EGFR, epi- 
dermal growth factor receptor; FBS, fetal bovine serum; HEPES, 
W-2-hydroxyethylpiperazine-W'-ethanesulfonic acid; PBS, phos- 
phate-buffered saline; SDS, sodium dodecyl sulfate; TFE, 
trifluoroethanol. 



livering peptides of interest (the cargoes) into living 
cells for functional characterization. 

Signal peptide sequences mediate protein secretion 
and are composed of a positively charged N-terminus 
(n-region), a central hydrophobic core (h-region) and 
a carboxyl-terminal cleavage site (c-region) recognized 
by a signal peptidase (for reviews see 6-9). Many ex- 
amples of export pathways mediated by signal se- 
quences suggest that secretory proteins are transported 
across eukaryotic endoplasmic reticulum or bacterial 
cytoplasmic membranes through a hydrophilic protein- 
conducting channel formed by many membrane pro- 
teins, such as SecA and SecY proteins (for reviews see 
10-13). Experimental evidence aJso has suggested that 
the signal sequences interact directly with membrane 
lipids (6, 14-23). This interaction is believed to be cru- 
cial for the initiation of membrane export (24). The data 
from CD studies show that various signal peptides can 
adopt an a-helical conformation in mimetic membrane 
environments (25-31). It is suggested that a helical 
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hairpin structure makes the signal peptide prone to in- 
teraction with membrane lipid (25-27, 32) and this lipid 
interaction then unloops the signal sequence, resulting 
in a transmembrane conformation (17). In vivo and in 
vitro experiments have established evidence that the h- 
region in the signal sequence plays a central role in he- 
lix structure formation and membrane transport (15, 
33-37). Although h-regions derived from different pro- 
teins do not share sequence homology, they usually are 
made of a block of 7-16 hydrophobic amino acid resi- 
dues (9). This suggests that the length of a h-region is 
not critical to its membrane transport activity. The hy- 
drophobic residues found in the h-regions are often 
those which have the propensity for forming a-helical 
conformation, such as leucine and alanine. Mutation 
and deletion of the residues within the h-region, par- 
ticularly those that are hydrophobic, often lead to im- 
pairment of protein export (9). Proline and glycine 
residues frequently are found in the middle and/or the 
end of the h-regions. They are believed to act as helix 
breakers and are important for forming turn structures 
in the signal peptides. Replacement of these residues 
with helix-stabilizing residues leads to less efficient 
protein export (28, 31). 

In our cell-permeable peptide design, the h-region 
of a signal sequence is placed in the N-terminus of the 
peptide and is used as a carrier for peptide import (1). 
Different h-regions endowed peptides with similar cell 
membrane permeabilities (1,4), irrespective of the lack 
of sequence homology among them. These observations 
suggest that characteristics such as hydrophobicity and 
structural conformation play an important role in me- 
diating cell-permeable peptide import. The first aim of 
this study was to determine the conformational require- 
ments of cell-permeable peptides for their interaction 
with cellular membranes. To achieve this, we used cir- 
cular dichroism to analyze the conformational behav- 
ior of cell-permeable peptides in both heterogeneous 
amphiphilic and homogenous hydrophobic membrane- 
mimetic environments. The second objective of this 
study was to investigate the correlation between the 
membrane-translocating activity and the topology of 
cell-permeable sequences. For this purpose, we synthe- 
sized several structurally modified peptides and char- 
acterized their cellular import behavior and functional 
activities. These studies are of importance to a more 
rational design of various cell-permeable peptides. 

EXPERIMENTAL PROCEDURES 

Cell culture and peptide synthesis 
NIH 3T3 cells and SAA cells (NIH 3T3 cells over- 
expressing human EGFR) were grown in Dulbecco's 
modified Eagle's medium (DMEM) (Cellgro, AK) con- 
taining 10% FBS. Peptides listed in Fig. 1 were synthe- 
sized by a stepwise solid-phase peptide synthesis method 
(38, 39) using ter/-butyloxycarbonyl (Boc) protection. 
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FIGURE 1 





Amino acid sequences of the synthetic peptides studied. The cell 
membrane translocating (carrier) sequence is underlined and func- 
tional cargo sequences are in boldface. The retro version of the cell 
membrane translocating sequence is italicized. p Y stands for phos- 
phorylated tyrosine. 



For phosphotyrosine-containing peptides, Boc-Tyr 
(P0 3 Me 2 ) was used (3, 5). Synthetic peptides were 
cleaved from the resin and deprotected by HF or 
trifluoromethanesulfonic acid/CF 3 COOH/dimethyl sul- 
fide/w-cresol (1:5:3:1, v/v), extracted into 6 m urea in 
0.1 M Tris-HCl, pH 8.2, dialyzed against 0.1 m Tris-HCl, 
purified by Ci 8 reverse-phase HPLC (2.5 x 30 cm) eluted 
with 0.045% CF 3 COOH/aqueous acetonitrile at a flow 
rate of 7 mL/min (1,3,5, 39). The purified peptides were 
then lyophilized for chemical characterizations and the 
use of biological assays. The purity of the peptides was 
verified by mass spectrometry analysis and analytic 
HPLC. All peptides had good solubilities in DMEM and 
other culture media. No additive such as dimethyl sul- 
foxide was required for dissolving the peptides. 

Circular dichroism spectroscopy 
Far-UV circular dichroism (CD) spectra were acquired 
using a JASCO J-720 spectropolarimeter. The pure pep- 
tide was first dissolved in 60% acetonitrile containing 
0.05% trifluoroacetic acid and lyophilized by rapid 
freezing followed by drying under high vacuum. The 
stock peptide solution was made by hydrating the dry 
peptide in H 2 0 containing HC1 (pH 2.5) and was 
vortexed completely before use. The aqueous SDS and 
TFE solutions were made by dissolving SDS (ICN, CA; 
ultra pure) or diluted TFE (Fluka, Ronkonkoma, NY) 
in H 2 0 containing HC1 (pH 2.5). Finally, 10 p.M pep- 
tide solutions were made in SDS or TFE solutions and 
vortexed before measurement. All CD measurements 
were performed at 25°C from 250 to 190 nm using a 
1-rnm path length. Data sets were recorded typically 
using a scan rate of 50 nm/min and a response time of 
1 sec. An average of five scans was calculated, the 
baseline subtracted, and finally smoothed. The mean 
residue ellipticity, [8], was calculated in units of de- 
grees cmVdmol. The secondary structure content of 
each peptide was estimated by curve fitting the spec- 
tra to reference polylysine spectra (40), which is con- 
centration independent and reproducible. 
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Translocation of I -labeled peptides into cells 
Tyrosine-containing SA peptide and its analogs were 
radiolabeled with 125 I by the IODO-GEN method 
(Pierce Chemical Co., Rockford, IL) as described (1, 
2). The specific activities of 125 I-labeled SA, r-SAl and 
r-SA2 peptides were 3.1 x 10 4 , 3.0 x 10 4 and 2.5 x 10 4 
cpm/ng, respectively. NIH 3T3 cells grown in DMEM 
containing 10% FBS were subcultured on a 60-mm dish 
and incubated for 3 days. The confluent monolayers 
(1.6 x 10 6 cells) on each dish were washed twice with 
Hanks' buffered salt solution (Cellgro, AK) and treated 
with 3 ng of labeled peptide in DMEM containing 10% 
FBS at 37°C for the indicated times.The cells were 
washed eight times with PBS, twice with 2 m NaCl/25 
mM HEPES (pH 7.4) and twice with 2 m NaCl/20 mM 
sodium acetate (pH 4.0) until no radioactivity could be 
detected in the washings. The washed cells were lysed 
in lysis buffer (10 mM Tris-HCl, pH 7.0, 0.1 mM 
ethylenediaminetetraacetic acid, 1 mM phenylmethyl- 
sulfonyl fluoride, 1 mM dithiothreitol and 1% Triton X- 
100), and the radioactivity in the cell lysates was 
counted in a Packard Auto-Gamma counter. 

Mitogenic assay 

Confluent NIH 3T3 cells grown on a 96- well plate were 
transferred to a low serum medium (DMEM contain- 
ing 0.5% FBS) for 2 days. The tested peptides were 
added to the serum-starved cells in fresh low serum 
medium. [ 3 H]Thymidine was added after 16 h, and 4 h 
later, the cells were washed with PBS, treated with 10% 
trichloroacetic acid, washed and solubilized with 0.15 
m NaOH. The radioactivity of the solution was deter- 
mined in a liquid scintillation counter (2). 

Indirect immunofluorescence assay 
Confluent SAA cells grown on chamber slides (Nunc, 
Naperville, IL) were treated with 0.5 mL peptide solu- 
tion (50 ^ig/mL) in DMEM containing 20 mM HEPES 
and 0.1% bovine serum albumin at 37°C for 30 min. 
The peptide-treated cells were washed and fixed; intra- 
cellular peptides were detected by an indirect immun- 
ofluorescence assay using anti-SP1068 peptide 
antibodies and rhodamine-labeled goat anti-rabbit IgG 
(Kirkegaard and Perry Laboratories, Gaithersburg, MD) 
as described (1-3). Coverslips with stained cells were 
mounted in Poly/Mount (Polysciences, Warrington, PA) 
and analyzed in a fluorescence microscope using a 
lOOx oil immersion lens. 

In vivo inhibition of EGF -induced EGFRIGrb2 
protein-protein association by cell-permeable SP1068 
and r-SP1068 peptides 

SAA cells were grown to 95% confluence in DMEM 
containing 10% FBS, serum-starved for 18 h and then 
treated with or without peptides (100 ^g/mL or as 
specified) in DMEM containing 20 mM HEPES and 
0.1% bovine serum albumin for 30 min as described 



(3). Subsequently, cells were stimulated with or with- 
out hEGF (50 ng/mL, Intergen, Purchase, NY) for 10 
min and then washed extensively with cold PBS, 2 m 
NaCl/25 mM HEPES, pH 7.4, and 2 m NaCl/20 mM so- 
dium acetate, pH 4.0, to remove extracellularly asso- 
ciated peptides. Cell lysates (0.5 mL; 0.3 mg/mL) were 
incubated with 1 |ig of anti-Grb2 antibody. The 
immunocomplexes were precipitated with protein 
A-Sepharose (Sigma Chemical Co., St. Louis, MO). 
Immunoprecipitates were separated on SDS-polyacryl- 
amide gel electrophoresis, transferred to nitrocellulose 
membranes, and probed with antibodies as indicated, 
followed by horseradish peroxidase-linked anti-rabbit 
or anti-mouse antibodies according to ECL protocol (3). 

RESULTS 

Conformational behavior of cell-permeable peptides 
in membrane mimetic conditions 
To study the conformational behavior of cell-permeable 
peptides on their interaction with cell membranes, we 
analyzed their structures by circular dichroism in dif- 
ferent membrane mimetic conditions. Micelles of SDS 
serve as an experimental model of the heterogeneous 
amphiphilic environment of a membrane lipid-aqueous 
interface, whereas TFE aqueous solution can mimic the 
homogeneous hydrophobic face of the membrane. The 
cell-permeable SA peptide was used as a model pep- 
tide (Fig. 1) for this conformational study. Our previ- 
ous study demonstrated its efficiency in translocating 
the membrane of living cells and its functional activ- 
ity in intracellular compartments (2). This peptide con- 
tained the h-region of the signal sequence of Kaposi 
fibroblast growth factor (as the carrier) in its amino- 
terminal segment, a spacer region of Ala- Ala- Ala, and 
the nuclear localization sequence of fibroblast growth 
factor- 1 (as the functional cargo) in the carboxyl-ter- 
minal segment. 

The SA peptide had great solubility in aqueous solu- 
tions containing various concentrations of SDS and TFE. 
Four different concentrations of SDS micelles (5, 50, 
100, 550 mM), which mimic a membrane environment, 
were used to induce the formation of an SA peptide sec- 
ondary structure. Figure 2 represents CD spectra of the 
SA peptide (10 \im) in various SDS micelle concentra- 
tions. The minimum at about 208 nm and a shoulder at 
222 nm is characteristic of an a-helical conformation. 
This pattern was nearly invariant from 5 to 550 mM SDS, 
although the spectrum at 550 mM had a more negative 
ellipticity. In contrast, the spectrum of the S A peptide in- 
dicated a predominantly random coft conformation in the 
aqueous solution containing no SDS'micelles. The rela- 
tive secondary structure contents of cell-permeable SA 
peptide are shown in Table 1. They were estimated by 
curve fitting the spectra to reference polylysine spectra 
(40). In 5 mM SDS (detergent/pepude molar ratio, 500:1), 
the a-helix content of the peptide was 57%. The elevated 



237 



C. Du et al 



15 



10 



8 



5 - 



-5 - 



-10 



£■ -15 - 



-20 - 
-25 



5 mM SDS 
50 mM SDS 
100 mM SDS 
550 mM SDS 




~T~ 



190 



200 



210 220 230 
Wavelength (nm) 



240 



250 



FIGURE 2 

CD spectra of the cell-permeable SA peptide on interaction with 
different concentrations of SDS micelles. 



a-helical structure in SDS micelles agreed with reduced 
levels of (5-structure and random coil conformations. This 
indicates that cell-permeable S A peptide can conform to 
a strong a-helical structure even in a weak amphiphilic 
environment. In 500 mM SDS, the a-helix content re- 
mained at a similar level, but the P-structure level in- 
creased. However, the S A peptide adopted a predominant 
random coil conformation when SDS concentrations 
were smaller than 5% (not shown). These data suggest 
that cell-permeable peptides were in dynamic equilib- 
rium among different structural conformations, which 
can be shifted toward a highly a-helical form when pep- 
tides in the aqueous phase approach the cell membrane. 

To compare the induced secondary structures of cell- 
permeable peptides in amphiphilic and hydrophobic 
environments, we further analyzed the CD spectra of 
the SA peptide in aqueous solutions containing TFE. 
Four different TFE concentrations (10, 20, 30, 50%) 

TABLE l 

Secondary structure content ofSA peptide in SDS micelles 
SDS (mm) a-Helix (%) a P-Structure (%) Random coil (%) 
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22 


23 


55 


5. 


57 
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34 


50 


46 


13 


41 


100 


44 


18 


38 


550 


55 


16 


29 



Secondary structure content calculated from CD spectra, fitted to 
Greenfield-Fasman reference data (40). 



were used to examine their effect on the induction of 
a-helix conformation. In 10% TFE, the CD spectrum 
of the SA peptide reflected a high content of random 
coil conformation, which did not differ significantly 
from that in the aqueous solution containing no TFE 
(Fig. 3). In highly hydrophobic conditions (20-50% 
TFE), the SA peptide showed a CD pattern similar to 
that in an amphiphilic environment (SDS micelles), 
with a minimum at about 207 nm and a shoulder at 222 
nm, indicating the presence of an a-helical structure. 
Therefore, conformational transition of the peptide oc- 
curred between 10% and 20% TFE. The peptide spec- 
trum had a more negative ellipticity in 30% than in 20% 
TFE, but the negativity did not increase in 50% TFE 
(Fig. 3; see also Table 2 for the contents of different 
structures). These results suggest that the induction of 
peptide helical conformation by TFE is concentration 
dependent, reaching a plateau at a concentration of 30% 
(3 m, TFE/peptide molar ratio, 3 x 10 5 to 1). This re- 
sult is consistent with the finding by Baldwin and his 
colleagues (41), which demonstrates that the average 
helix propensity of peptides increases from 0 to 25% 
TFE but levels off at higher TFE concentrations. The 
TFE solutions used for our CD studies were acidic (pH 
2.5). To determine the effect of pH in peptide confor- 
mation, we further analyzed the CD spectra of the SA 
peptide in 50% TFE in sodium phosphate buffer (pH 
7.4). Our results showed that SA peptide still adopted 
a predominantly helical conformation at neutral pH 
(61% a-helix, 24% P-structure and 15% random coil). 
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FIGURE 3 

CD spectra of the cell-permeable SA peptide on interaction with 
different concentrations of TFE. 
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TABLE 2 

Secondary structure content ofSA peptide in TFE/H 2 0 
TFE (%) a-Helix (%) P-Structure (%) Random coil (%) 
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TABLE 3 

Secondary structure content ofr-SAl and r-SA2 peptides on 
interaction with mimetic membrane environments 









Random 




a-Helix (%) 


^Structure (%) 


coil (%) 


Environment 


r-SAl r-SA2 


r-SAl r-SA2 


r-SAl r-SA2 


H 2 0 


26 19 


18 23 


56 58 


SDS (550 mM) 


69 64 


23 6 


8 30 


TFE (50%) 


45 45 


32 25 


23 30 



Comparing the effective concentrations of SDS and 
TFE as well as the secondary structure contents shown 
in Tables 1 and 2, it appears that the helix-forming po- 
tential of cell-permeable peptides in TFE solution was 
lower than in SDS micelles. The observed difference 
in a-helical content of a cell-permeable peptide on in- 
teraction with a heterogeneous amphiphilic and a ho- 
mogeneous hydrophobic environment is probably 
caused by the hydrophilic specificity of the peptide- 
lipid interaction. 

The ANL peptide is an SA peptide analog (2) that 
lacks the hydrophobic signal sequence (see Fig. 1 for 
the sequence). Its CD spectra showed a predominantly 
random conformation (>60%) even at high concentra- 
tions of SDS or TFE (not shown), indicating that a- 
helical conformation of a cell-permeable peptide in a 
membrane mimetic environment is contributed mainly 
by its hydrophobic signal sequence. 

Effect of the location of the hydrophobic signal 
sequence on peptide import function 
To determine the topology of the cell-membrane trans- 
location sequence, we prepared an SA peptide analog 
(r-SAl, Fig. 1) in which the hydrophobic signal se- 
quence (the carrier) was placed in the C-terminus of the 
peptide and the functional sequence (the cargo) was lo- 
cated in the N-terminus. The carrier and the cargo were 
separated by a spacer region of Ala-Ala-Ala. The CD 
spectra of the modified peptide in SDS micelles showed 
a double minimum at 208 nm and 222 nm, a pattern 
similar to that of the SA peptide except for more nega- 
tive ellipticity (not shown), indicating a strong a-heli- 
cal conformation in the amphiphilic environment. 
Curve-fitting of this spectrum consistently revealed that 
the helix content of the r-SAl peptide was higher than 
that of the SA peptide (Table 3), suggesting that more 
residues of the r-SAl peptide were probably involved 
in helical structure formation (see "Discussion"). To 
examine the membrane-translocating activity of the r- 
SA1 peptide, it was radiolabeled with I25 I and its up- 
take by living NIH 3T3 cells was measured. As shown 
in Fig. 4 A, a time-dependent cellular import of r-SAl 
peptide was observed when cells were incubated with 
the radiolabeled peptide. However, it was less potent 
than the 125 I-SA peptide (6.5% vs 15.5% at 4 h, Fig. 



4A). Considering that the tyrosine residue for I-la- 
beling is located in different regions of the SA and r- 
SA1 peptides (see Fig. 1), the lower import activity of 
radiolabeled r-SAl peptide may be caused by the in- 
terference of its bulky N-terminal I25 I group during pep- 
tide transport. This idea is supported by previous 
studies indicating that a free, preferably positively 
charged, N-terminal region of a signal sequence is re- 
quired for efficient membrane transport (9, 42). To 
verify the cellular import activity of r-SAl peptide, we 
examined unlabeled r-SAl peptide for its functional 
activity, which depends strictly on its cellular perme- 
ability. We previously demonstrated that SA peptide 
was mitogenic when it was taken up by NIH 3T3 cells 
because it carried a functional cargo of the FGF-1 
nuclear localization sequence (for details of the func- 
tional study, see Ref. 2). The r-SAl peptide containing 
the same cargo sequence was also expected to be func- 
tional if its cellular import was as efficient as that of 
the SA peptide. As assessed in a thymidine incorpora- 
tion assay (see Fig. 4B), r-SAl peptide did not differ 
significantly from its SA peptide analog in stimulating 
mitogenic effects, suggesting that SA and r-SAl pep- 
tides are similar in their cellular import activities. 
Therefore, the location of the hydrophobic signal se- 
quence may not be crucial to the import activity of cell- 
permeable peptides . 

To verify this finding, we investigated another 
known cell-permeable peptide (SP1068) containing the 
same N-terminal carrier sequence but a different cargo 
sequence, the EGFR autophosphorylation Tyrl068 site 
(Fig. 1) (3). We knew that this peptide could compete 
with intracellular EGFR for binding to the endogenous 
signaling protein Grb2 in EGF-stimulated SAA cells 
(see Ref. 3 for details). Thus, we prepared a SP1068 
peptide analog (r-SP1068, Fig. 1) in which the relative 
positions of the carrier and the cargo regions in the pep- 
tide sequence were exchanged. We*first examined 
whether r-SP1068 peptide with a C-termlnal hydropho- 
bic signal sequence can be taken up as efficiently as 
its SP1068 analog by living SAA cells. In cells treated 
with r-SP1068 peptide, intracellular peptide was 
observed in a staining pattern similar to that of SP1068- 
treated cells, as detected by an indirect immunofluo- 
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FIGURE 4 

(A) Cellular import of I25 I-labeled SA, r-SAl and r-SA2 peptides. 
Confluent NIH 3T3 cells were treated with 125 I-labeled peptides for 
the indicated times and washed extensively; radioactivities asso- 
ciated with the cell lysates were counted. (B) [ 3 H]Thymidine in- 
corporation by NIH 3T3 cells stimulated by SA, r-SAl and r-SA2 
peptides. Serum-starved cells were incubated with various amounts 



of peptides. After 16 h, [ 3 H]thymidine was added, and 4 h later, 
the cells were washed, solubilized and the [ 3 H]thymidine incorpo- 
ration determined. Data from both panels are the mean ± S.D. of 
triplicate samples and calculated as multiplicity of counts in the 
tested sample over a control sample (untreated cells). The experi- 
ment was repeated three times with similar results. 



rescence assay using an anti-SP1068 peptide antibody 
(Fig. 5 A). This result suggests that r-SP1068 peptide 
can be imported as efficiently into living cells as 
SP1068 peptide. We further tested the modified pep- 
tide for its functional activity in intracellular compart- 
ments. As shown in Fig, 5B, it was similar to its 
SP1068 peptide analog in inhibiting EGF- induced 
EGFR/Grb2 association. These results indicate that syn- 
thetic peptides containing the hydrophobic signal 
sequence in their C-termini are also capable of penetrat- 
ing cell membranes, and thereby are useful for func- 
tional study of intracellular proteins. 

Other topological requirements for cell-permeable 
peptide functions 

Retro and rctroenantio analogs of natural peptides have 
been used to design potentially bioactive molecules with 
different side-chain topology and/or chirality (43-49). To 
determine whether the direction of the sequence order and 
the side-chain topology of a cell-permeable region is cru- 
cial to peptide import activity, we prepared a retro pep- 
tide analog of the r-SAl peptide (see r-SA2 peptide in Fig. 
1). The carrier sequence of this peptide contained the same 
amino acids linked by normal peptide bonds, but in a re- 
verse order (n, n - 1, 3, 2, 1), numbered from the N- 



terminus of the sequence. Therefore, r-SAl and r-SA2 
peptides have a noncomplementary side-chain topo- 
chemistry in their carrier sequences. As shown in Table 
3, the CD spectra of the retro peptide still reflected a pri- 
mary a-helix conformation in both amphiphilic (SDS) and 
hydrophobic (TFE) conditions, similar to that of the r-SAl 
peptide analog. However, a significant difference in CD 
profiles between the two peptides was observed in their 
P-structures and random coil conformations. Table 3 
showed that r-SA2 had a relatively lower content of P~ 
structure and, in turn, a higher portion of random coil con- 
formation in amphiphilic condition. The cellular import 
assay using I25 I-labeled peptides indicated that the rever- 
sal of the amide bonds of the hydrophobic signal sequence 
impairs cell membrane permeability, because the import 
activity of the r-SA2 peptide was negligible as compared 
with the SA and r-SAl peptides (Fig. 4 A). Consistent with 
its lack of cellular import, r-SA2 peptide also was not 
functional in the mitogenic assay (Fig. 4S)..Together, these 
results suggest that a high content of a-fielix conforma- 
tion of the hydrophobic signal sequence is necessary but 
not sufficient for the induction of peptide cellular import. 
Other structural factors such as the topochemistry of the 
side-chains of the carrier sequence may play a roie in pep- 
tide import. 
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FIGURE 5 

r-SP1068 peptide -treated Cell S (A) Demonstration of the intracellular SP1068 and r-SP1068 

r r peptide in SAA cells by fluorescence microscopy analysis. 

Confluent SAA cells were treated at 37°C with 100 fig/mL of 
peptide or diluent for 30 min. Intracellular peptides were de- 
tected by indirect immunofluorescence assay using anti-SP1068 
peptide antibody and rhodamine-labeled anti-rabbit antibody and 
analyzed in a fluorescence microscope using a xlOO oil immer- 
sion lens. (B). in vivo inhibition of EGF-induced protein-pro- 
tein interactions between EGFR and Grb2 by cell-permeable 
SP1068 and r-SP1068 peptides. Serum-starved SAA cells were 
treated with or without peptides (100 Jig/mL) for 30 min fol- 
lowed by EGF (50 ng/mL) for an additional 10 min. Immuno- 
precipitation of the cell lysates was carried out with anti-Grb2 
antibody. The immunoprecipitates (IP) were subjected to 
immunoanalysis with anti-Grb2 and anti-phosphotyrosine (ot- 
pl^r) antibodies. 
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DISCUSSION 

Delivery of synthetic cell-permeable peptides into liv- 
ing cells is mediated by the hydrophobic region (h-re- 
gion) of the signal sequence (1). Different h-regions can 
bestow similar membrane-translocating activities on pep- 
tides (1-5). Functional application studies of cell-perme- 
able peptides have suggested that the length and 
properties of flanking peptide sequences (the functional 
cargoes) do not affect the peptide-transporting activities. 
For example, the size of the cargoes used thus far ranges 
from 10 to 25 residues, which can be basic, acidic or 
modified, such as tyrosine-phosphorylated peptides 
(1-5). Immunofluorescence microscopy and immuno- 
electron microscopy analysis have suggested that cell- 
permeable peptides enter cells by free membrane 
penetration (Du et al, unpublished results), which does 
not seem to involve either receptor-mediated endocyto- 
sis or a specific proteinaceous channel. Therefore, it is 
possible that cellular uptake of these peptides is initiated 
and promoted simply by the interactions between pep- 
tides and membrane lipids. In this study, we investigated 
the possible correlation between the appearance of sec- 
ondary structures and the translocation activity of cell- 
permeable peptides. Our results showed that the 
cell-permeable peptide encompassing the h-region of the 
signal sequence as a carrier adopted an a-helical struc- 
ture in membrane-mimetic environments. This helical 
structure induction is likely to result in a conformation 
essential for the peptide membrane import. The helical 
structure of the cell-permeable peptide was more pre- 
dominant in a heterogeneous amphiphilic environment 
(SDS micelles) than in a homogeneous hydrophobic en- 
vironment (TFE aqueous solution). This environmental 
specificity of the peptide suggests a possible interaction 
of the cell-permeable peptide with hydrophilic head 
groups of the cell membrane lipid, which may be in- 
volved in the initial stage of peptide penetration through 
the membrane. 

We also determined the effect of the location of the 
hydrophobic signal sequence on peptide import func- 
tion. When the cell-permeable peptide was modified by 
synthesizing the hydrophobic region in its carboxyl ter- 
minus, it still adopted an a-helical structure in the mem- 
brane mimetic environment and was able to penetrate 
across the cell membrane. Consistent with this, func- 
tional assays showed that the modified peptides were 
as active as their parent peptide analogs. The sequence 
topology of the parent and modified peptides suggests 
that the terminal attachments of the carrier sequence 
(hydrophobic signal sequence) do not significantly af- 
fect peptide-translocating activity. Considering that the 
peptide synthesis is conducted in the direction of the 
C- to N-terminus (38), development of peptides with a 
C-terminal cell-permeable sequence can avoid repeti- 
tious synthesis of the carrier sequence for peptides with 
different functional cargoes, thus greatly facilitating the 



usage of the cell-permeable peptide import technology 
by our scientific community. Also, this finding is po- 
tentially useful for developing a cell-permeable peptide 
library to detect functional motifs of various proteins. 

We finally examined whether the peptide bond di- 
rection of the hydrophobic signal sequence is crucial 
for peptide import activity. When the cell-permeable r- 
SA1 peptide was converted by synthesizing the carrier 
sequence in a reverse order (n, n - 1, .... 3, 2, 1), the 
retro peptide (r-SA2) did not penetrate across the cell 
membrane of living cells, as determined by both im- 
port and functional assays. If the retro r-SA2 peptide 
is rotated 180° in plane, the side-chains of its carrier 
sequence will have the mirror image of the r-SAl pep- 
tide but the amide bond direction will be -NHCO- in- 
stead of -CONH-. Thus, it can be suggested that the 
side-chain topology and/or the peptide amide bond di- 
rection of the carrier sequence are required for peptide 
import function. Because the side-chain setting of the 
retro peptide topologically resembles that of the D-iso- 
mer of the r-SAl peptide, further examination of the 
cellular import activity of the enantio and retroenantio 
analogs of the r-SAl peptide will determine the exact 
functional roles of the side-chain topology and peptide 
bond direction. 

All three S A peptide analogs showed significant but 
different contents of a-helical structure in membrane- 
mimetic environments. Using the IG computer pro- 
gram to predict the secondary structure of the peptides 
by the Chou and Fasman algorithm, it was shown that 
a-helical structure starts from residue 1 to residue 15 
with a propensity of 1.231 in the SA cell-permeable 
peptide. This sequence represents exactly the hydro- 
phobic carrier region of the SA peptide. However, in 
the r-SAl peptide, containing the same carrier se- 
quence in its C-terminal region, the a-helical struc- 
ture location extends to its spacer and functional cargo 
sequences, starting from residue 6 to residue 25 with 
a propensity of 1.255. These calculated results fit well 
with our CD data showing that the r-SAl peptides had 
a higher content of helix conformation (69%) in 550 
mM SDS micelles compared with its SA peptide ana- 
log (55%). Because both SA and r-SAl peptides have 
similar import and functional activities, efficient trans- 
port is not necessarily proportional to the content of 
a-helical structure. This assertion is supported by the 
example of the retro r-SA2 peptide which has a simi- 
lar propensity (1.213) and residue numbers (residues 
6-25) for forming a-helix structure as predicted by 
the computer calculation. However, the r-SA2 peptide 
was not active in cellular import despite its high a- 
helix content in SDS (Table 3). The difference in the 
predicted structure between active r-SAl and inactive 
r-SA2 peptides is their P-structure content in an 
amphiphilic environment. In 550 mM SDS micelles, 
r-SA2 peptide displayed a lower p-structure (6%) than 
r-SAl (23%). Although it remains to be determined 
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whether a significant amount of P-structure is required 
for efficient transport, these results again suggest that 
the peptide bond direction and/or the side-chain to- 
pology of the carrier sequence segment are important 
for forming a membrane-translocating conformation. 
A helical hairpin structure with a short loop is impor- 
tant for the signal peptide to interact with the lipid 
during the initial stage of membrane export. It is pos- 
sible that the helix-loop-helix conformation is also re- 
quired for peptide import. The import impairment of 
the r-SA2 peptide may be the result of its inability to 
form such a membrane-translocating conformation. 
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1981:454710 CAPLUS 
95:54710 

Natural peptide lactones as ion carriers in 
membranes 

Oberbaeumer, Use; Feigl, Peter; Ruf, Horst; Grell, 
Ernst 

Max-Planck-Inst . Biophys . , Frankfurt, D-6000/71, Fed. 
Rep. Ger. 

Struct. Act. Nat. Pept . , Proc . Fall Meet. Ges . Biol. 
Chem. (1981), Meeting Date 1979, 523-38. Editor(s): 
Voelter, Wolfgang; Weitzel, Guenther. de Gruyter: 
Berlin, Fed. Rep. Ger. 
CODEN: 4 5VYAS 
Conference 
English 

Membrane activity and physicochem. properties of the streptogramin 
antibiotics: virginiamycin SI [23152-29-6], mikamycin B [3131-03-1], and 
viridogrisein [299-20-7] are discussed. 
299-20-7 

RL: BIOL (Biological study) 

(cell membrane activity and physicochem. properties of) 
299-20-7 CAPLUS 

Etamycin A (8CI, 9CI) (CA INDEX NAME) 



ACCESSION NUMBER: 
DOCUMENT NUMBER: 
TITLE : 

AUTHOR (S) : 

CORPORATE SOURCE: 

SOURCE : 



DOCUMENT TYPE 
LANGUAGE : 
AB 



NTE modified (modifications unspecified) 
SEQ 1 TLXXIAX 



Absolute stereochemistry. 
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TITLE: 



AUTHOR (S) 
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1996:746841 CAPLUS 
126 :98787 

Esterase-sensitive cyclic prodrugs of peptides 

: evaluation of an acyloxyalkoxy promoiety in a model 

hexapeptide 

Pauletti, Giovanni M. ; Gangwar, Sanjeev; Okumu, 

Stella, Valentino J.; 



CORPORATE SOURCE: 

SOURCE : 

PUBLISHER: 
DOCUMENT TYPE: 
LANGUAGE : 
AB 



Kansas, Lawrence, KS, 



13 (11) , 1615-1623 



IT 



RN 
CN 



Franklin W.; Siahaan, Teruna J.; 
Borchardt, Ronald T. 
Dep. Pharmaceutical Chem., Univ. 
66047, USA 

Pharmaceutical Research (1996) 
CODEN: PHREEB; ISSN: 0724-8741 
Plenum 
Journal 
English 

The purpose of the study was to evaluate a cyclic acyloxyalkoxy carbamate 
prodrug of a model hexapeptide (H-Trp-Ala-Gly-Gly-Asp-Ala-OH) as a novel 
approach to enhance the membrane permeation of the peptide and stabilize 
it to metab. Conversion to the linear hexapeptide was studied at 
37. degree. C in aq. buffered solns . and in various biol . milieus having 
measurable esterase activities. Transport and metab. characteristics were 
assessed using the Caco-2 cell culture model. In buffered solns. the 
cyclic prodrug degraded chem. to the linear hexapeptide in stoichiometric 
amts. Maximum stability was obsd. between pH 3-4. In 90% human plasma 
(tl/2 = 100 .+-. 4 min) and in homogenates of the rat intestinal mucosa 
(tl/2 = 136 .+-. 4 min) and rat liver (tl/2 = 136 .+-. 4 min) and rat 
liver (tl/2 =65 .+-. 3 min), the cyclic prodrug disappeared faster than . 
in buffered soln., pH 7.4 (tl/2 = 206 .+-. 11 min). Pretreatment of these 
media with paraoxon significantly decreased the degrdn. rate of the 
prodrug. When applied to the apical side of Caco-2 cell monolayers, the 
cyclic prodrug (tl/2 = 282 .+-. 25 min) was significantly more stable than 
the hexapeptide (tl/2 = 14 min) and at least 76-fold more able to permeate 
(Papp = 1.30 .+-. 0.15 .times. 10-7 cm/s) than the parent peptide (Papp 
.ltoreq. 0.17 .times. 10-8 cm/s). Prepn. of a cyclic peptide using an 
acyloxyalkoxy promoiety reduced the lability of the peptide to peptidase 
metab. and substantially increased its permeation through biol. membranes. 
In various biol . media the parent peptide was released from the prodrug by 
an apparent esterase-catalyzed reaction, sensitive to paraoxon inhibition. 
185348-61-2 

RL: BPR (Biological process); BSU (Biological study, unclassified); PRP 
(Properties) ; BIOL (Biological study) ; PROC (Process) 

(membrane permeability and stability of cyclic 

prodrug of model hexapeptide) 
18534 8-61-2 CAPLUS 

1-6-Delta sleep-inducing peptide (rabbit), N- [ (hydroxymethoxy) carbonyl] - , 
(6. fwdarw.l) -lactone (9CI) (CA INDEX NAME) 



NTE cyclic 

SEQ 1 AGGDAXW 
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DOCUMENT NUMBER: 128:2 91642 

TITLE: Conformational and topological requirements of 

cell-permeable peptide function 
AUTHOR (S) : Du, Caigan; Yao, Songyi ; Rojas, Mauricio; Lin, 

Yao-Zhong 

CORPORATE SOURCE: Department of Microbiology and Immunology, Vanderbilt 

University School of Medicine, Nashville, TN, USA 

SOURCE: Journal of Peptide Research (1998), 51(3), 235-243 

CODEN: JPERFA; ISSN: 1397-002X 

PUBLISHER: Munksgaard International Publishers Ltd. 

DOCUMENT TYPE: Journal 

LANGUAGE : Eng 1 i s h 

AB Cell -permeable peptide import recently was developed to deliver synthetic 
peptides into living cells for studying intracellular protein functions. 
This import process is mediated by an N-terminal carrier sequence which is 
the hydrophobic region of a signal peptide. In this study, the 
conformational consequence of the interaction of cell -permeable peptides 
with different mimetic membrane environments was investigated by CD anal. 
We showed that cell -permeable peptides adopted . alpha . -helical structures 
in sodium dodecyl sulfate (SDS) micelles or aq. trif luoroethanol (TFE) . 
The potency of these peptides in forming helical structures is higher in 
an amphiphilic environment (SDS) than in a hydrophobic environment (TFE) , 
suggesting that some hydrophilic mols. assocd. with the cell membrane may 
be involved in peptide import. We also studied topol . requirements of 
cell -permeable peptide function. We demonstrated that peptides contg. the 
carrier sequence in their C-termini can also be imported into cells 
efficiently. This important discovery can avoid repetitious synthesis of 
the membrane -trans locating sequence for peptides with 

different functional cargoes and is potentially useful for developing a 
cell -permeable peptide library. Finally, we showed that, when a retro 
version of the carrier sequence was used, the peptide lost its 
translocating ability despite retaining a high content of . alpha . -helical 
structure in mimetic membrane environments. This suggests that the 
propensity of peptides to adopt a helical conformation is required but not 
sufficient for cellular import and that other structural factors such as 
the side-chain topol. of the carrier sequence are also important. Our 
studies together contribute to the more rational design of useful 
cell -permeable peptides. 
IT 131089-11-7P 

RL: BPR (Biological process); BSU (Biological study, unclassified); PRP 
(Properties) ; SPN (Synthetic preparation) ; BIOL (Biological study) ; PREP 
(Preparation) ; PROC (Process) 

(conformational and topol. requirements of cell-permeable peptide 
function) 
RN 131089-11-7 CAPLUS 

CN L-Leucine, L-asparaginyl-L-tyrosyl-L-lysyl-L-lysyl-L-prolyl-L-lysyl- (9CI) 
(CA INDEX NAME) 
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DOCUMENT NUMBER: 130:47576 

TITLE: Strong suppression of feeding by a peptide 

containing both the nuclear localization sequence of 
fibroblast growth factor- 1 and a cell membrane 
-permeable sequence 

AUTHOR(S) : Li, Ai-Jun; Tsuboyama, Hiroyuki ; Komi, Akiko; Ikekita, 

Masahiko; Imamura, Toru 
CORPORATE SOURCE: Biosignaling Department, National Institute of 

Bioscience and Human Technology, Tsukuba, 305-8566, 

Japan 

SOURCE: Neuroscience Letters (1998), 255(1), 41-44 

CODEN: NELED5 ; ISSN: 03 04-3 940 
PUBLISHER: Elsevier Science Ireland Ltd. 

DOCUMENT TYPE: Journal 
LANGUAGE: English 

AB Earlier studies have shown that fibroblast growth factor (FGF) -1 in the 
brain regulates feeding behavior. In the present study, food intake in 
rats was strongly suppressed by an infusion into the lateral 
cerebroventricle of a synthetic peptide (26 amino acids) which contains 
both the N-terminal nuclear localization sequence (NLS) of FGF-1 and a 
recently identified membrane -permeable sequence. When 
the NLS motif in the peptide was destroyed by mutations of two lysine 
residues, the mutant peptide failed to affect eating. The results suggest 
that the NLS of FGF-1 plays an important role in FGF- 1- induced feeding 
suppression and they introduce a novel compd. for feeding regulation. 

IT 131089-11-7 

RL: BAC (Biological activity or effector, except adverse) ; BSU (Biological 
study, unclassified) ; PRP (Properties) ; BIOL (Biological study) 
(FGF-1 peptide contg. nuclear localization sequence and a cell 
membrane -permeable sequence suppresses food intake in 
rats) 

RN 131089-11-7 CAPLUS 

CN L-Leucine, L-asparaginyl-L-tyrosyl-L-lysyl-L-lysyl-L-prolyl-L-lysyl- (9CI) 
(CA INDEX NAME) 
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113 :2125 

Induction of non-bilayer lipid structures by 
functional signal peptides 

Killian, J. A.; De Jong, A. M. P.; Bijvelt, J. ; 
Verkleij, A. J.; De Kruijff, B. 

Inst. Mol. Biol. Med. Biotechnol . , Univ. Utrecht, 
Utrecht, 3584 CH, Neth. 
EMBO Journal (1990), 9(3), 815-19 
CODEN: EMJODG; ISSN: 0261-4189 
Journal 
English 



IT 



RN 
CN 



Using 31P NMR and freeze- fracture electron microscopy the effect of 
several synthetic signal peptides on lipid structure in model membranes 
mimicking the lipid compn. of the Escherichia coli inner membrane was 
studied. It is demonstrated that the signal peptide of the E. coli outer 
membrane protein PhoE, as well as that of the M13 phage coat protein, 
strongly promote the formation of nonbilayer lipid structures. This 
effect appears to be correlated to in vivo translocation efficiency, since 
a less functional analog of the PhoE signal peptide was found to be less 
active in destabilizing the bilayer. It is proposed that signal sequences 
can induce local changes in lipid structure that are involved in protein 
translocation across the membrane. 
114460-44-5 

RL: BIOL (Biological study) 

(glycerolipid membrane interaction with, nonbilayer structure induction 

in, as signal peptide model) 
114460-44-5 CAPLUS 

L-Alanine, N- [N- [N- [N- [N2- (N2 -L-methionyl -L-lysyl) -L-lysyl] -L-seryl] -L- 
threonyl] -L-leucyl] - (9CI) (CA INDEX NAME) 



SEQ 



1 MKKSTLA 
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ACCESSION NUMBER: 1997:218431 CAPLUS 

DOCUMENT NUMBER: 126:212413 

TITLE : Synthesis of a Novel Esterase-Sensitive Cyclic Prodrug 

of a Hexapeptide Using an (Acyloxy) alkoxy Promoiety 
AUTHOR (S) : Gangwar, Sanjeev; Pauletti, Giovanni M. ; Siahaan, 

Teruna J.; Stella, Valentino J.; Borchardt, Ronald T. 
CORPORATE SOURCE: Department of Pharmaceutical Chemistry, University of 

Kansas, Lawrence, KS, 66047, USA 
SOURCE: Journal of Organic Chemistry (1997), 62(5), 1356-1362 

CODEN: JOCEAH; ISSN: 0022-3263 
PUBLISHER: American Chemical Society 

DOCUMENT TYPE: Journal 
LANGUAGE : Engl i sh 

AB Synthetic methodol . for prepg . novel esterase-sensitive cyclic prodrugs of 
peptides with increased protease stability and cell membrane 
permeability compared to linear peptides is described. 
Cyclic prodrug cyclo (Ala-OCH202C-Trp-Ala-Gly-Gly-Asp) (I) of the 
hexapeptide H-Trp-Ala-Gly-Gly-Asp-Ala-OH linked by the N-terminal amino 
group to the C-terminal carboxyl group via an (acyloxy) alkoxy promoiety 
was synthesized. A convergent synthetic approach involving 
Boc-Ala-OCH202C-Trp-OH (Boc = Me3C02C) , with the promoiety inserted 
between the Ala and the Trp residues, and H-Ala-Gly-Gly-Asp (OCH2Ph) - 
OCH2CC13 (II) was used. Fragment II was synthesized by a soln. -phase 
approach using std. Boc amino acid chem. These fragments were coupled to 
produce the protected linear hexapeptide, which after deprotection was 
cyclized using std. high-diln. techniques to yield cyclic prodrug I. In 
pH 7.4 buffer (HBSS) at 37. degree., cyclic prodrug I was shown to degrade 
quant, to the hexapeptide (tl/2 = 206 .+-. 11 min) . The rate of 
hydrolysis of cyclic prodrug I was significantly faster in human blood 
(tl/2 = 132 .+-. 4 min) than in HBSS. Paraoxon, a known inhibitor of 
esterases, slowed this hydrolysis of cyclic prodrug I to a value (tl/2 = 
198 .+-. 9 min) comparable to the chem. stability. In human blood, cyclic 
prodrug I was 25-fold more stable than the linear hexapeptide. 

IT 185348-61-2P 

RL: BAC (Biological activity or effector, except adverse); BSU (Biological 
study, unclassified); PRP (Properties); SPN (Synthetic preparation); THU 
(Therapeutic use) ; BIOL (Biological study) ; PREP (Preparation) ; USES 
(Uses) 

(prepn. of novel esterase-sensitive (acyloxy alkoxy) hexapeptide cyclic 
prodrug) 
RN 185348-61-2 CAPLUS 

CN 1-6-Delta sleep-inducing peptide (rabbit), N- [ (hydroxymethoxy) carbonyl] - , 
( 6. fwdarw.l) -lactone (9CI) (CA INDEX NAME) 
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TITLE: Rational design of peptides with enhanced 

membrane permeability 

AUTHOR (S): Borchardt , Ronald T. 

CORPORATE SOURCE: Department of Pharmaceutical Chemistry, The University 

of Kansas, Lawrence, KS, 6604 5, USA 

SOURCE: Medicinal Chemistry: Today and Tomorrow, Proceedings 

of the AFMC International Medicinal Chemistry 
Symposium, Tokyo, Sept. 3-8, 1995 (1997), Meeting Date 
1995, 191-196. Editor (s) : Yamazaki, Mikio. 
Blackwell: Oxford, UK. 
CODEN: 650NAG 

DOCUMENT TYPE: Conference 

LANGUAGE: English 

AB Through rational drug design and combinatorial library strategies, 
medicinal chemists are capable of synthesizing very potent and very 
specific drug candidates. These drug candidates are developed with mol . 
characteristics that permit optimal interaction with the specific 
macromols. (e.g., receptors, enzymes) that mediate their Pharmacol, 
effects. However, these drug design strategies, as currently practiced in 
many pharmaceutical companies, do not necessarily insure optimal delivery 
of the drug to its site of action. This manuscript describes ongoing 
research the authors have designed to elucidate the general structural 
features of peptides and peptide mimetics that afford optimal permeation 
of these types of mols. through the intestinal mucosa. In addn., a novel 
prodrug methodol . used to prep, cyclic derivs . , which increases their 
ability to permeate membranes and stabilizes them to metab. peptidases, is 
described. 

IT 185348-61-2 187978-53-6 

RL: BUU (Biological use, unclassified); PRP (Properties); BIOL (Biological 
study) ; USES (Uses) 

(rational design of peptides with enhanced membrane 
permeability) 

RN 185348-61-2 CAPLUS 

CN 1-6-Delta sleep-inducing peptide (rabbit), N- [ (hydroxymethoxy) carbonyl] - , 
(6 .fwdarw. 1) -lactone (9CI) (CA INDEX NAME) 

NTE cyclic 



SEQ 



1 AGGDAXW 



L15 ANSWER 74 9 OF 
ACCESSION NUMBER : 
DOCUMENT NUMBER: 
ORIGINAL REFERENCE 
TITLE: 



erepsin and 
built up 



AUTHOR (S) : 
SOURCE : 

DOCUMENT TYPE 
LANGUAGE : 
AB 



IT 

■ RN 
CN 



dipeptide to the 
22, 426, 1572) . 

The 



749 CAPLUS COPYRIGHT 2 003 ACS on STN 
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NO. : 25 :77i, 78a-d 

The behavior of N sodium hydroxide, 
trypsin-kinase toward poly-peptides 
from glycine 

Abderhalden, Emil; Heumann, Jolan 
Fermentf orschung (1930), 12, 42-54 
CODEN: FEFOAG; ISSN: 0367-2034 
Journal 
Unavailable 

A study of the hydrolysis of glycine peptides, from the 
hexapeptide inclusive, has already been reported (C. A. 
The series has now been extended from there on to the decapeptide. 
usual method of coupling the next lower peptide with C1CH2C0C1 and 
aminating the product was unsuccessful beyond the heptapeptide because of 
insoly. of the substance in dil. alkali. The difficulty was overcome by 
dispersing the peptide in 50% LiBr, then adding NaOH, dilg. with H20 and 
finally adding the C1CH2COC1. The C1CH2CO deriv. thus obtained was best 
aminated by mech. shaking of its suspension in liquid NH3 . New derivs. 
described are chloroacetylpentaglycylglycine (74% yield) , sinters and 
becomes yellow at 225. degree., .fwdarw. hexaglycylglycine (84% yield), 
sinters above 230. degree., .fwdarw. chloroacetylhexaglycylglycine (79% 
yield), decomps . above 225. degree., .fwdarw. heptaglycylglycine (70% 
yield), .fwdarw. chloroacetylheptaglycylglycine (74% yield) .fwdarw. 
octaglycylglycine (85% yield) .fwdarw. chloroacetyloctaglycylglycine (79% 
yield) .fwdarw. nonaglycylglycine (70% amination, but the product could 
not be completely purified). . beta . -Naphthalenesulf onylhexaglycylglycine 
was obtained in 50% yield from the heptapeptide and . beta . -C10H7SO2C1 in 
the usual manner. None of these higher peptides were attacked by erepsin 
at pH 7.8, but the hexapeptide was partially hydrolyzed at pH 
8.4. All of the C1CH2CO derivs. were hydrolyzed to some extent by 
trypsin-kinase at pH 7.8, but to a less extent, if at all, at pH 
8.4. The polypeptides were all resistant to trypsin-kinase. When 
dispersed in LiBr and brought to N by NaOH the rate of hydrolysis at 
37. degree, increased with increasing length of the peptide chain. The 
.beta. -C10H7SO2 deriv. was more resistant to alkali than the unsubstituted 
hexapeptide . 

18861-82-0, Glycine, (glycylglycylglycylglycylglycylglycyl) - 

(prepn. of) 
18861-82-0 CAPLUS 

Glycine, glycylglycylglycylglycylglycylglycyl- (9CI) (CA INDEX NAME) 



SEQ 



1 GGGGGGG 



CAPLUS COPYRIGHT 2 003 ACS on STN 
1985 : 107223 CAPLUS 
102 :107223 

A short amino acid sequence able to specify nuclear 
location 

Kalderon, Daniel; Roberts, Bruce L . ; Richardson, 
William D . ; Smith, Alan E. 

Biochem. Div., Natl. Inst. Med. Res., London, NW7 1AA, 
UK 

Cell (Cambridge, MA, United States) (1984), 
39(3, Pt. 2), 499-509 
CODEN: CELLB5; ISSN: 0092-8674 
Journal 
English 

A short sequence of amino acids including Lys-128 is required for the 
normal nuclear accumulation of wild-type and deleted forms of SV40 virus 
large T antigen. A cytoplasmic large T mutant that lacks sequences from 
around Lys-128 localizes to the nucleus if the missing sequence is 
attached to its amino terminus. The implication that the sequence element 
around Lys-128 acts as an autonomous signal capable of specifying nuclear 
location was tested directly by transferring it to the amino terminal of 
.beta . -galactosidase and of pyruvate kinase [9001-59-6], normally a 
cytoplasmic protein. Sequences that included the putative signal induced 
each of the fusion proteins to accumulate completely in the nucleus but 
had no discernible effect when Lys-12 8 was replaced by Thr. By reducing 
the size of the transposed sequence, it was concluded that 
Pro-Lys-Lys-Lys-Arg-Lys-Val [95088-49-6] can act as a nuclear 
location signal . The sequence may represent a prototype of similar 
sequences in other nuclear proteins. 
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DOCUMENT NUMBER: 134:337296 

TITLE: Arginine-rich peptides: an abundant source 

of membrane -permeable 

peptides having potential as carriers for 
intracellular protein delivery 
AUTHOR(S): Futaki, Shiroh; Suzuki, Tomoki ; Ohashi, Wakana; 

Yagami, Takeshi; Tanaka, Seigo; Ueda, Kunihiro; 
Sugiura, Yukio 

CORPORATE SOURCE: Institute for Chemical Research, Kyoto University, 

Kyoto, 611-0011, Japan 
SOURCE: Journal of Biological Chemistry (2001), 276(8), 

5836-5840 
,CODEN: JBCHA3; ISSN: 0021-9258 
PUBLISHER: American Society for Biochemistry and Molecular 

Biology 

DOCUMENT TYPE: Journal 
LANGUAGE : Engl i sh 

AB A basic peptide derived from human immunodeficiency virus (HIV) -1 Tat 
protein (positions 48-60) has been reported to have the ability to 
translocate through the cell membranes and accumulate in the nucleus, the 
characteristics of which are utilized for the delivery of exogenous 
proteins into cells. Based on the fluorescence microscopic observations 
of mouse macrophage RAW264.7 cells, we found that various arginine-rich 
peptides have a translocation activity very similar to Tat- (48-60) . These 
included such peptides as the D-amino acid- and arginine-substituted 
Tat- (48-60), the RNA-binding peptides derived from virus proteins, such as 
HIV-1 Rev, and flock house virus coat proteins, and the DNA binding 
segments of leucine zipper proteins, such as cancer-related proteins c-Fos 
and c-Jan, and the yeast transcription factor GCN4 . These segments have 
no specific primary and secondary structures in common except that they 
have several arginine residues in the sequences. Moreover, these peptides 
were internalized even at 4. degree.. These results strongly suggested the 
possible existence of a common internalization mechanism ubiquitous to 
arginine-rich peptides, which is not explained by a typical endocytosis. 
Using (Arg)n (n = 4-16) peptides, we also demonstrated that there would be 
an optimal no. of arginine residues (n .apprx. 8) for the efficient 
translocation . 

IT 337516-16-2 

RL: BPR (Biological process); BSU (Biological study, unclassified); BIOL 
(Biological study) ; PROC (Process) 

(SV40-NLS; arginine-rich peptides as potential carriers for 
intracellular protein delivery) 
RN 337516-16-2 CAPLUS 

CN L-Valinamide, L-prolyl -L-lysyl-L-lysyl-L-lysyl-L-arginyl -L-lysyl - (9CI) 
(CA INDEX NAME) 

NTE modified 



SEQ 



1 PKKKRKV 
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CAPLUS COPYRIGHT 2003 ACS on STN 
1997:640245 CAPLUS 
127 :293643 

Preparation of cyclic prodrugs of peptides 
and peptide nucleic acids having improved 
metabolic stability and cell membrane 
permeability 

Borchardt, Ronald T.; Siahaan, 
Sanjeev; Stella, Valentino J. ; 
University of Kansas, USA 
U.S. , 53 pp. 
CODEN: USXXAM 
Patent 
English 
1 



Teruna / Gangwar , 
Wang, Binghe 



PATENT 


NO. 




KIND 


DATE 






APPLICATION NO. 


DATE 






US 


5672584 




A 


19970930 




US 1995-429732 


19950425 






CA 


2219151 




AA 


19971023 




CA 1996-2219151 


19960408 






WO 


9739024 




Al 


19971023 




WO 1996-US4180 


19960408 








W: 


AL, 


AM, 


AT, AU, 


AZ, 


BB, 


BG, 


BR, BY, CA, CH, CN, 


CZ, DE, 


DK, 


EE, 






ES, 


FI, 


GB, GE, 


HU, 


IS, 


JP, 


KE, KG, KP, KR, KZ, 


LK, LR, 


LS, 


LT, 






LU, 


LV, 


MD, MG, 


MK, 


MN, 


MW, 


MX, NO, NZ, PL, PT, 


RO, RU, 


SD, 


SE, 






SG, 


SI, 


SK, TJ, 


TM, 


TR, 


TT, 


UA, UG, UZ, VN, AM, 


AZ, BY, 


KG, 


KZ, 






MD, 


RU, 


TJ, TM 


















RW; 


; KE, 


LS, 


MW, SD, 


SZ, 


UG, 


AT, 


BE, CH, DE, DK, ES , 


FI, FR, 


GB, 


GR, 






IE, 


IT, 


LU, MC, 


NL, 


PT, 


SE, 


BF, BJ, CF, CG, CI, 


CM, GA, 


GN, 


ML, 






MR, 


NE, 


SN, TD, 


TG 














AU 


9654330 




Al 


19971107 




AU 1996-54330 


19960408 






AU 


702993 




B2 


19990311 












EP 


830372 




Al 


19980325 




EP 1996-911444 


19960408 






EP 


830372 




Bl 


20011010 














R: 


AT, 


BE, 


CH, DE, 


DK, 


ES, 


FR, 


GB, GR, IT, LI, LU, 


NL, SE, 


MC, 


PT, 



IE, FI 
JP 11508275 
AT 206716 
ES 2165492 
PRIORITY APPLN. INFO. 

OTHER SOURCE (S) : 
GI 



T2 19990721 
E 20011015 
T3 20020316 



JP 1996-534725 19960408 

AT 1996-911444 19960408 

ES 1996-911444 19960408 

US 1995-429732 A 19950425 

WO 1996-US4180 W 19960408 
MARPAT 127:293643 
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1998 :338134 CAPLUS 
129:32298 

Polyphosphoinositide binding peptides for 
intracellular drug delivery 

Janmey, Paul A.; Cunningham, C. Casey; Hartwig, 
H.; Stossel, Thomas P.; Vegner, Roland 
Brigham and Women's Hospital, Inc., USA 
PCT Int. Appl., 71 pp. 



John 



CODEN : 
Patent 
English 
1 



PIXXD2 



PATENT NO. 



KIND DATE 



CA, 
BE, 



WO 9820887 
W: AU, 
RW: AT, 
AU 9677371 
PRIORITY APPLN. INFO 
AB 



19980522 



Al 
JP 

CH, DE, DK, ES, 
Al 19980603 



APPLICATION NO. DATE 



WO 1996-US18453 19961114 



IT 



RN 
CN 



FI, FR, GB, GR, IE, IT, LU, MC, NL, PT, SE 
AU 1996-77371 19961114 
WO 1996-US18453 19961114 
Methods and compns . for facilitating the transport of a ^ • 

membrane -impermeable extracellular agent having an intracellular activity 
across the membrane of a cell are provided. The methods involve 
covalently coupling an amino terminal blocking group to a 
transport -mediating peptide to form a carrier mol . The carrier mol . is 
covalently coupled to the extracellular agent to form a membrane 
-permeable prodrug. The transport -mediating peptides are highly 
basic and bind to polyphosphoinositides. 
207972-57-4D, conjugates 207972-62 -ID, conjugates 
207972-79-0D, conjugates 207972 -84 -7D, conjugates 

RL: BPR (Biological process); BSU (Biological study, unclassified); PEP 
(Physical, engineering or chemical process); PRP (Properties); BIOL 
(Biological study) ; PROC (Process) 

(polyphosphoinositide binding peptides for intracellular drug delivery) 

207972-57-4 CAPLUS 

L-Lysine, L-serylglycyl-L-leucyl-L-lysyl-L-tyrosyl-L-lysyl- (9CI) (CA 
INDEX NAME) 



SEQ 



1 SGLKYKK 



L12 ANSWER 22 OF 27 
ACCESSION NUMBER: 
DOCUMENT NUMBER: 
TITLE : 



AUTHOR (S) : 

CORPORATE SOURCE: 

SOURCE : 

PUBLISHER: 
DOCUMENT TYPE: 
LANGUAGE : 
OTHER SOURCE (S) : 
GI 
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1997 : 218432 CAPLUS 
126:212414 

Synthesis of a Novel Esterase-Sensitive Cyclic Prodrug 

System for Peptides That Utilizes a "Trimethyl 

Lock" -Facilitated Lactonization Reaction 

Wang, Binghe; Gangwar, Sanjeev; Pauletti, Giovanni M. ; 

Siahaan, Teruna J.; Borchardt, Ronald T. 

Department of Pharmaceutical Chemistry, University of 

Kansas, Lawrence, KS, 66047, USA 

Journal of Organic Chemistry (1997), 62(5), 1363-1367 

CODEN: JOCEAH; ISSN: 0022-3263 

American Chemical Society 

Journal 

English 

CASREACT 126:212414 




AB A unique strategy for prepg. cyclic prodrugs of peptides that have 
increased metabolic stability and increased cell membrane 
permeability when compared to the linear peptides is 

described. By taking advantage of a unique "trimethyl lock" -facilitated 
lactonization system, an esterase-sensitive cyclic prodrug of a model 
hexapeptide H-Trp-Ala-Gly-Gly-Asp-Ala-OH was synthesized by linking the 
N- terminal amino group to the C- terminal carboxyl group. The key 
intermediate for both approaches was I (Boc = Me3C02C) with Boc-Ala 
attached to the phenol hydroxyl group of the "trimethyl lock" linker 
through an ester bond, which can then be incorporated into the peptide 
using a normal coupling reagent for peptide synthesis. The synthesis of 
the linear peptides was accomplished using both soln. -phase and 
solid-phase approaches with the soln. -phase approach having the advantage 
of using the key intermediate I most efficiently. Cyclization using std. 
high-diln. techniques provided cyclic prodrug II. In 90% human plasma, 
prodrug II released the original peptide, as designed, through an apparent 
esterase-catalyzed hydrolysis of the phenol ester bond. 
IT 187978-53-6P 

RL: BAC (Biological activity or effector, except adverse); BSU (Biological 
study, unclassified); PRP (Properties); SPN (Synthetic preparation); THU 

(Therapeutic use) ; BIOL (Biological study) ; PREP (Preparation) ; USES 

(Uses) 

(prepn. of novel esterase-sensitive cyclopeptide prodrug incorporating 



t 



a tri-Me lock-facilitated lactonization) 
187978-53-6 CAPLUS 

L-Alanine, N- [3- (2 -hydroxy-4 , 6-dimethylphenyl) -3 -methyl -1-oxobutyl] -L- 
tryptophyl-L-alanylglycylglycyl-L- .alpha. -aspartyl-, (6 . fwdarw. 1) -lactone 
(9CI) <CA INDEX NAME) 
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1998 : 479557 CAPLUS 
129:91439 

Peptide antagonists of DP transcription 
factors 

La Thangue, Nicholas Barrie; Bandara, Lasantha 

Ranasinghe 

Prolif ix Ltd. , UK 



PCT Int. Appl, 

CODEN: PIXXD2 

Patent 

English 

1 



55 pp. 



PATENT NO. 



KIND DATE 



WO 9828334 
W: AL, 
DK, 
KP, 
NO, 
UA, 
RW: GH, 
FR, 
GA, 
AU 9853304 
AU 735032 
EP 956299 

R: AT, 
IE, 
NZ 336530 
JP 2001506863 
US 6268334 
US 2002103121 
PRIORITY APPLN. INFO 



AM, 
EE, 
KR, 
NZ, 
UG, 
GM, 
GB, 
GN, 



BE, 
FI 



Al 19980702 
AT, AU, AZ, BA, 
ES, FI, GB, GE, 
KZ, LC, LK, LR, 
PL, PT, RO, RU, 
US, UZ, VN, YU, 
KE, LS, MW, SD, 
GR, IE, IT, LU, 
ML, MR, NE, SN, 
Al 19980717 
B2 20010628 
Al 19991117 
CH, DE, DK, ES, 



A 
T2 
Bl 
Al 



BB, 
GH, 
LS, 
SD, 

zw, 
sz, 

MC, 
TD, 



FR, 



20001124 
20010529 
20010731 
20020801 



APPLICATION NO. DATE 

WO 1997-GB3506 19971222 

BG, BR, BY, CA, CH, CN, CU, 

GW, HU, ID, IL, IS, JP, 

LU, LV, MD, MG, MK, MN, 

SG, SI, SK, SL, TJ, TM, 

AZ, BY, KG, KZ, MD, RU, 

ZW, AT, BE, CH, DE, DK, 

PT, SE, BF, BJ, CF, CG, 



GM, 
LT, 
SE, 
AM, 
UG, 
NL, 
TG 

AU 



CZ, 
KE, 
MW, 
TR, 
TJ, 
ES, 
CI, 



1998-53304 



19971222 



NZ 1997-336530 19971222 

JP 1998-528541 19971222 

US 1999-308935 19990527 

US 2001-900147 20010709 

GB 1996-26589 A 19961220 

WO 1997-GB3506 W 19971222 

US 1999-308935 Al 19990527 



DE, 

KG, 

MX, 

TT, 

TM 

FI, 

CM, 



EP 1997-950295 19971222 
GB, GR, IT, LI, LU, NL, SE, MC, PT, 



AB 



IT 



RN 
CN 



The invention provides a polypeptide consisting essentially of a sequence 
corresponding to residues 163-199 of DP-1 transcription factor, and 
fragments and variants thereof capable of antagonizing the 

heterodimerization of a DP protein with an E2F protein. Such peptides may 
be used to induce apoptosis in a cell by introducing into the cell an 
effective amt . of said peptide. Such cells include cardiovascular cells, 
and the peptide may be delivered in a stent to treat or prevent 
restinosis . 
209599-55-3 

RL: BAC (Biological activity or effector, except adverse); BSU (Biological 
study, unclassified) ; THU (Therapeutic use) ; BIOL (Biological study) ; USES 
(Uses) 

(peptide antagonists of DP transcription factors) 
209599-55-3 CAPLUS 

L- Alanine, L-alanyl -L- leucyl -L-asparaginyl-L-valyl-L-leucyl -L-methionyl - 
(9CI) (CA INDEX NAME) 



SEQ 1 ALNVLMA 
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1999:753254 CAPLUS 
132 : 8996 

Antimicrobial cationic peptide derivatives of 
bactenecin 

Hancock, Robert E. W.; Wu, Manhong 
University of British Columbia, Can. 
PCT Int. Appl., 52 pp. 



CODEN : 
Patent 
English 
1 



PIXXD2 



PATENT NO. 



KIND DATE 



APPLICATION NO. 



DATE 



WO 9960016 
WO 9960016 
W: 



A2 
A3 



19991125 



RW: 



U S^17.2.L 83~--^ 
AU 9938048 
PRIORITY APPLN . INFO . : 



AB 



_ WO 1999-CA414 19990520 

20000713 

AE , AL, AM, AT, AU, AZ , BA, BB, BG, BR, BY, CA, CH, CN, CU, CZ , 
DE, DK, EE, ES, FI, GB , GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, 
JP, KE, KG, KP, KR, KZ , LC, LK, LR, LS , LT, LU, LV, MD, MG, MK, 
MN, MW, MX, NO, NZ, PL, PT, RO, RU, SD, SE, SG, SI, SK, SL, TJ, 
TM, TR, TT, UA, UG, UZ , VN, YU, ZA, ZW, AM, AZ , BY, KG, KZ , MD, 
RU, TJ, TM 

GH, GM, KE, LS, MW, SD, SL, SZ, UG, ZW, AT, BE, CH, CY, DE, DK, 
ES, FI, FR, GB, GR, IE, IT, LU, MC, NL, PT, SE, BF, BJ, CF, CG, 
£I.,_CM, GA, GN, GW, ML, MR, NE, SN, TD, TG 

US 1998-82420 
AU 1999-38048 
US 1998-82420 A 
WO 1999-CA414 W 



Bl 
Al 



20010109 
19991206 



IT 



RN 
CN 



19980520 
19990520" 
19980520 
19990520 

A class of cationic peptides having antimicrobial activity is provided. 
Exemplary peptides of the invention include RLARIWIRVAR and RLSRIWIRVCR. 
Also provided are methods for inhibiting the growth of bacteria using the 
peptides of the invention. Methods for inhibiting the growth of 
eukaryotic cells, e.g. tumor cells, with the peptides of the invention are 
also disclosed. 
1404-90-6 , Vancomycin 

RL: BAC (Biological activity or effector, except adverse); BSU (Biological 
study, unclassified) ; THU (Therapeutic use) ; BIOL (Biological study) ; USES 
(Uses) 

(antimicrobial and cytotoxic cationic peptide derivs . of bactenecin, 
and therapeutic use, alone or with other agents) 
1404-90-6 CAPLUS 

Vancomycin (8CI, 9CI) (CA INDEX NAME) 



NTE modified (modifications unspecified) 



SEQ 1 LYNXXYX 
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2000 : 283998 CAPLUS 
132 :318008 

Antimicrobial cationic peptides 

Hancock, Robert E. W.; Karunaratne, Nedra 

University of British Columbia, Can. 

U.S., 42 pp., Cont . -in-part of U.S. Ser. No. 

CODEN: USXXAM 

Patent 

English 

4 



658, 857. 



PATENT NO. 



KIND DATE 



APPLICATION NO. DATE 



US 6057291 
US 5877274 
US 6040435 
WO 9825953 
W 



A 
A 
A 
Al 



20000502 
19990302 
20000321 
19980618 



US 1996-763226 
US 1995-460464 
US 1996-658857 
WO 1997-CA954 



19961210 
19950602 
19960531 
19971210 



RW: 



AL, AM, AT, AU, AZ , BA, BB, BG, BR, BY, CA, CH, CN, CU, CZ , DE, 

DK, EE, ES, FI, GB, GE, GH, GM, HU, ID, IL, IS, JP, KE , KG, KP, 

KR, KZ, LC, LK, LR, LS, LT, LU, LV, MD, MG, MK, MN, MW, MX, NO, 

NZ, PL, PT, RO, RU, SD, SE, SG, SI, SK, SL, TJ, TM, TR, TT, UA, 

UG, UZ, VN, YU, ZW, AM, AZ , BY, KG, KZ , MD, RU, TJ, TM 

GH, GM, KE, LS, MW, SD, SZ, UG, ZW, AT, BE, CH, DE, DK, ES , FI, 

FR, GB, GR, IE, IT, LU, MC, NL, PT, SE, BF, BJ, CF, CG, CI, CM, 

GA, GN, ML, MR, NE, SN, TD, TG 



AU 9852206 
US 6297215 
US 6465429 
US 2003176337 
PRIORITY APPLN. INFO. 



OTHER SOURCE (S) : 
AB 



19971210 
19990507 
20000613 
20021015 
A2 19950602 
A2 19960531 
A 19961210 
W 19971210 
A3 19990507 
Al 20000613 



IT 



RN 
CN 



Al 19980703 AU 1998-52206 

Bl 20011002 US 1999-307200 

Bl 20021015 US 2000-593321 

Al 20030918 US 2002-272248 

US 1995-460464 
US 1996-658857 
US 1996-763226 
WO 1997-CA954 
US 1999-307200 
US 2000-593321 
MARPAT 132 : 318008 
A novel class of cationic peptides having antimicrobial activity is 
provided. Examples of such peptides include H2N- 

KWKSFI KKLTTAVKKVLTTGL PAL IS-COOH and H2N-KWKSFI KKLTS AAKKWTTAKPL I S S - COOH . 
Also provided are methods for inhibiting the growth of bacteria using the 
peptides of the invention. The peptides are particularly useful for 
inhibiting endotoxemia in a subject. 
1404-90-6, Vancomycin 

RL: BAC (Biological activity or effector, except adverse) ; BSU (Biological 
study, unclassified) ; THU (Therapeutic use) ; BIOL (Biological study) ; USES 
(Uses) 

(antimicrobial cationic peptides, and combinations with antibiotics) 
1404-90-6 CAPLUS 

Vancomycin (8CI, 9CI) (CA INDEX NAME) 



Absolute stereochemistry. 
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TITLE: Use of the cell wall precursor lipid II by a 

pore-forming peptide antibiotic 
AUTHOR (S) : Breukink, E.; Wiedemann, I.; Van Kraai j , C; Kuipers, 

0. P.; Sahl, H.-G.; De Kruijff, B. 
CORPORATE SOURCE: Center of Biomembranes and lipid Enzymology, 

Department of Biochemistry of Membranes, Institute for 

Biomembranes, Utrecht University, Utrecht, 3584, Neth. 
SOURCE: Science (Washington, D. C.) (1999), 286(5448), 

2361-2364 

CODEN: SCIEAS; ISSN: 0036-8075 
PUBLISHER: American Association for the Advancement of Science 

DOCUMENT TYPE: Journal 
LANGUAGE: English 

AB Resistance to antibiotics is increasing in some groups of clin. important 
pathogens. For instance, high vancomycin resistance has emerged in 
enterococci. Promising alternative antibiotics are the peptide 
antibiotics, abundant in host defense systems, which kill their targets by 
permeabilizing the plasma membrane. These peptides 
generally do not act via specific receptors and are active in the 
micromolar range. Here it is shown that vancomycin and the antibacterial 
peptide nisin Z use the same target: the membrane -anchored cell wall 
precursor lipid II. Nisin combines high affinity for lipid II with its 
pore-forming ability, thus causing the peptide to be highly active (in the 
nanomolar range) . 

IT 1404-90-6, Vancomycin 

RL: BAC (Biological activity or effector, except adverse); BSU (Biological 
study, unclassified) ; BIOL (Biological study) 

(bacterial cell wall precursor lipid II as target for antibiotics) 

RN 1404-90-6 CAPLUS 

CN Vancomycin (8CI, 9CI) (CA INDEX NAME) 
NTE modified (modifications unspecified) 



SEQ 1 LYNXXYX 



